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TRANSAMIDATION REACTIONS CATALYZED 
BY CATHEPSINS* 


By SETSURO FUJIIf JOSEPH S. FRUTON 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, August 6, 1957) 


Cathepsin B is an intracellular proteinase found in several animal 
tissues (1, 2), and has been partially purified from beef spleen (3). Its 
specificity appears to be directed toward the hydrolysis of amide (or ester) 
bonds involving a-N-acylated L-arginine or L-lysine (3). Thus, at pH 5, 
cathepsin B catalyzes the hydrolytic cleavage of benzoyl-L-argininamide 
(BAA) to benzoyl-L-arginine and NH,t. Only fragmentary data were 
available (4) on the ability of cathepsin B to catalyze transamidation 
reactions; studies on this question are reported in the present communica- 
tion. 

Another intracellular proteinase of animal tissues, denoted cathepsin 
C, also has been partially purified from beef spleen (5, 6); at pH 5 to 7, 
this enzyme catalyzes the hydrolysis of dipeptide amides (or esters) of 
suitable structure (7-9). Cathepsin C is an excellent catalyst of transami- 
dation reactions (10); for example, at pH 7.5, glycyl-L-tyrosinamide 
(GTA) is polymerized to a decapeptide composed of alternating glycyl 
and L-tyrosyl residues (11). 

Since these two proteinases occur in the same tissues, and may be located 
in the same subcellular elements (2, 12), it was of interest to examine their 
coupled action in effecting the specific elongation of a peptide chain. 
Experiments reported in the present communication suggest that a mix- 
ture of cathepsins B and C catalyzes a sequence of reactions leading to 
the synthesis of L- 
prolyl-L-tyrosinamide, L-argininamide, and glycyl-.-leucine. 


Methods 


Beef spleen cathepsin B was prepared in the manner described previously 
(3); the highest specific activity attained ({C.U.JBA4, = 16.1) was greater 
than that of earlier preparations ({(C.U.]BaA, = 7 to 8). When tested 
under the optimal conditions for cathepsin C activity toward glycyl-L- 
tyrosinamide, the cathepsin B preparation was found to be free from 
measurable amounts of cathepsin C. 

The preparation of cathepsin C had a specifie activity [(C.U.JSr* = 6.7, 

* This study was aided by a grant from the Rockefeller Foundation. 

t Alexander Brown Coxe Fellow of the Yale School of Medicine. 
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2 TRANSAMIDATION REACTIONS 


and was obtained as described previously (6); cathepsin B appeared to be 
absent, as judged by the inactivity of the preparation toward benzoyl- 
L-argininamide, under the standard conditions of the assay with this 
substrate. 

In the enzymic incubation experiments, the substrate concentration 
was 0.05 mM, the pH was maintained with 0.05 m citrate-phosphate buffer, 
and the temperature was 38°, unless otherwise noted. Hydroxylamine was 
used as a replacement agent in the manner described previously (13, 14). 
The extent of deamidation was followed by measurement of the ammonia 
liberation in Conway vessels (13). 


Results 


Transamidation Reactions Catalyzed by Cathepsin B-—Cathepsin B 
catalyzes the reactions of benzoyl-L-argininamide with hydroxylamine 
to form a hydroxamie acid. Whereas the optimal pH for the hydrolysis 
of benzoyl-L-argininamide is near 5 (3), the maximal extent of transamida- 
tion appears to be near pH 6.5 (Table I). Relatively high concentrations 
of hydroxylamine are required for the cathepsin B-catalyzed reactions 
(Table II); this is in contrast to the reaction catalyzed by cathepsin C 
(10). Benzoyl-L-argininhydroxamic acid may be detected by paper 
chromatography with 2-butanol-formic acid-water (75:15:10) as_ the 
solvent; its Rr is 0.43, as detected by means of a ferric chloride-hydro- 
chloric acid spray or of a Sakaguchi reagent spray. The latter reagent 
also permits the detection, in incubation mixtures, of unchanged benzoyl- 
L-argininamide (Ry 0.56) and of benzoyl-L-arginine (Ry 0.69) formed by 
hydrolysis. 

Cathepsin B catalyzes transamidation reactions between benzoyl-L- 
argininamide and various dipeptides, e.g. the formation of benzoyl-.- 
arginylglycyl-t-leucine with glycyl-t-leucine as the replacement agent. 
For the determination of the extent of transamidation, a 1 ml. sample of 
the incubation mixture was treated with 5 ml. of ethanol to remove protein, 
centrifuged, and the supernatant fluid was concentrated to dryness at 
35°; the residue was extracted with 1 ml. of 0.4 mM ammonium acetate 
buffer (pH 5.11), and the solution was placed on a column (height 15 em., 
diameter 0.9 em.) of Dowex 50 (2 per cent cross-linked) in the NH,* 
form (15). Jacketed chromatograph tubes were used, and the tempera- 
ture of the columns was maintained at 25°. The sample was washed into 
the column with three 0.5 ml. portions of buffer at pH 5.11; 0.4 mM ammo- 
nium acetate buffer (pH 5.51) was used for elution (flow rate, 2 ml. per 
hour), and 2 ml. fractions were collected by means of an automatic frae- 
tion collector. For analysis of the effluent fractions, advantage was 
taken of the presence of the benzoyl group, and a spectrophotometric 
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S. FUJII AND J. S. FRUTON 3 
be method was employed. Benzoyl-L-arginine and benzoyl-L-argininamide 
yl- exhibit absorption maxima at 228 my (molar absorbance at pH 6, 11,000). 
his When tyrosine derivatives were used as replacement agents, and a com- 

ponent of the chromatogram contained both a benzoyl group and a tyrosyl 
ion residue, correction was made for the contribution of the latter (molar 
fer, absorbance at pH 6, 5000 at 228 my (16)). Glyeyl-L-tyrosine exhibits a 
— TABLE I 
4). Reaction of Benzoyl-t-argininamide with Hydrorylamine Catalyzed by Cathepsin B 
— Enzyme concentration, 0.48 unit* per ml. of test solution; concentration of hy- 
droxylamine (adjusted to pH 6.5), 0.4 M; cysteine, 0.05 M; time, 90 minutes. 
pH Ammonia liberation Hydroxamic acid present Transamidation 
B pmoles per ml. pmoles per per cent 
ine 5.0 6.6 0.14 2 
sis | 6.0 6.9 0.97 14 
ja- | 6.5 6.3 1.13 18 
7.0 0.35 8 
ns * Enzyme unit defined previously (3). 
C 
er TaBLe II 
he Effect of Hydrocylamine Concentration on Extent of Hydroxamic Acid Formation 
rO- Concentration of cathepsin B, 0.48 unit per ml. of test solution; cysteine, 0.05 m; 
nt pH 6.5. 
yl- Hydroxamic acid present 
by hydroxyl | 
30 min. 90 min. 240 min. 
pmole per ml pmoles per ml. pmoles per ml. 
‘L- 0.8 0.7 1.4 2.1 
at. 0.4 0.6 1.1 1.7 
of 0.2 0.5 0.8 1.0 
in, 0.1 0.3 0.4 0.6 
0.05 0.2 0).2 0.3 
at 
ite 
n., maximum at 223 my (molar absorbance, 6600). To establish the amino 
Pa acid composition of the components, samples of the effluent fractions were 
‘A- evaporated to dryness, and the ammonium acetate was removed by sub- 
to limation in vacuo; each residue was subjected to acid hydrolysis at 110° 
o- for 24 hours with 6 n hydrochloric acid, and the hydrolysate was subjected 
er to paper chromatography, with pyridine-methanol-water (1:40:10) as the 
c- solvent. The spots were located by means of a dilute ninhydrin solution 
{LS (0.025 per cent in n-butanol), and their Ry values compared with those 
ric of authentic samples of amino acids. The ninhydrin-reactive components 
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were eluted from the paper with water, and their concentration was esti- 
mated photometrically by means of the quantitative ninhydrin method 
(17). The results of a typical experiment are shown in Fig. 1. As a 
general procedure, 250 ml. of 0.4 M ammonium acetate (pH 5.51) were 
employed to elute the transamidation product from the column; if it did 
not appear, an additional 200 ml. of 0.6 m buffer at pH 6.8 were passed 
through. In Table III, zero transamidation denotes the absence of the 
expected transamidation product in the elution diagram after both buffers 


S44 Benzoylarginine ~ 
|Glycylleucine 
\+ cysteine 
2 | q 
2 
Cc 
Ps | Benzoylarginyl— 
glycylleucine 
| 
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Fic. 1. Chromatographic analysis on a Dowex 50 column of the components 
present after incubation of benzoyl-L-argininamide and glycyl-L-leucine with cathep- 
sin B. The solid circles denote values determined by spectrophotometry; the open 
circles denote values obtained with the ninhydrin method (for details, see the text). 


had been used. Under the conditions of the chromatographic separation, 
benzoyl-L-argininamide was not eluted from the column and did not 
emerge even with 0.6 m buffer of pH 6.8. With the pH 5.51 buffer, the 
free di- and tripeptides and cysteine (present as enzyme activator) emerged 
from the column within the first 50 ml. of theeffluent. Benzoyl-L-arginine 
emerged with a peak at 76 to 78 ml., and the peak positions of the transami- 
dation products were in the range 120 to 210 ml. (Table III). Thus, the 
chromatographic procedure employed permitted the quantitative estima- 
tion of benzoyl-L-arginine (formed by enzymic hydrolysis) and of the 
transamidation product, without interference from the other components 
of the incubation mixture. As may be seen from Table III, the sum of 
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the amounts of benzoyl-L-arginine and of the transamidation product agreed 
satisfactorily, in each experiment, with the extent of ammonia liberation. 
The recovery obtained by the present method is much better than in 
earlier studies (18, 19), which involved hydrogenolysis of carbobenzoxy 
derivatives. 

In all instances in which the expected transamidation product emerged 


TaBL_E III 
Peptides As Replacement Agents in Transamidation Reactions Catalyzed 
by Cathepsin B 
Concentration of replacement agent, 0.05 mM; enzyme concentration, 1.45 units 
per ml. of test solution; cysteine, 0.04 mM; pH 6.5 (adjusted with NaOH; no citrate- 
phosphate buffer used); time of incubation, 4 hours. 


Transami- | Recovery 

Replacement agent fiberntion | argicine’ | "product "| ‘tone [1000 + 6) 
b+e 

(a) (b) (c) 

pmoles per ml. | percent | per cent 
ae 15.6 | 0.36 (122) 2.3 98 
27.1 21.1 | 4.3 (146) | 16.9 94 


Glyeyl-p-leucine......... 27.5 26.9 | 0.2 (144) 0.7 98.5 
ilyeyl-L-tyrosine. ... 26.9 21.9 | 3.8 (208) 14.8 95.5 
L-Leucylglvcine.......... 22.8 19.8 | 2.6 (148) 11.6 98 
p-Leucylglycine..................| 22.7 20.9 | 0 0 92 
L-Leucyl-u-leucine................| 23.1 20.9 1.9 (156) 8.3 99 
L-Leucyl-L-tyrosine..............| 21.8 21.0 0 0 96 
L-Tyrosylglycine.................| 27.3 26.9 | 0 0 98.5 
Glyeylglyecylglyeine..............| 11.6 11.1 | 0.2 (128) 1.7 97 
Glyeyl-p-leueylglyeine............| 27.8 27.3 | O 0 98 
27.2 25.5 | 0.4 (160) 1.5 95 
27.6 25.6 | 0.8 (152) 3.1 96 


* The number in parentheses denotes the peak position of the transamidation 
product in the effluent diagram. 


from the column, acid hydrolysis followed by chromatography showed 
the presence of the expected amino acids. When the amount of transami- 
dation product was insufficient (below 1 umole per ml. of the incubation 
mixture) for reliable photometric analysis of the amino acids separated 
by paper chromatography, their presence in the hydrolysate was estab- 
lished qualitatively. In the other experiments summarized in Table III, 
the analytical data gave the expected molar ratios of amino acids, within 
the precision of the methods employed. Thus, with glycyl-t-leucine as 
the replacement agent, the transamidation product, on hydrolysis, gave 
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arginine, glycine, and leucine in a molar ratio of 1:1.2:1; with L-leucyl-L- 
leucine as the replacement agent, the product gave arginine and leucine 
in a ratio of 1:2.3; with L-leucylglycylglycine as the replacement agent, 
the product gave arginine, leucine, and glycine in a ratio of 1:1.2:1.9. 

Under the conditions of these experiments, of the peptides tested as 
replacement agents, only glycyl-L-leucine, glycyl-L-tyrosine, and L-leucyl- 
glycine gave values above 10 per cent transamidation (Table III). In 
general, the extent of transamidation attained with cathepsin B as a 
catalyst compares unfavorably with that effected by cathepsin C (10) or by 
papain (18, 19). It is noteworthy, however, that whereas, in the presence 
of glycyl-t-leucine, 17 per cent transamidation was observed, less than 1 
per cent transamidation occurred in the presence of glycyl-p-leucine. 
Furthermore, p-leucylglycine does not appear to participate in a trans- 
amidation reaction, whereas L-leucylglycine is among the best of the 
replacement agents tested. These results further support the conclusion 
(20) that, in their catalysis of transamidation reactions, the proteinases 
exhibit specificity, not only toward the compound bearing the sensitive 
CO—-NH bond, but also toward the replacement agent. That this 
specificity toward the replacement agent may be different for two pro- 
teinases is suggested by the finding that, whereas L-leucyl-L-tyrosine is 
extremely effective as a replacement agent in a papain-catalyzed reaction 
(18, 19), it appears to be ineffective in an analogous reaction catalyzed 
by cathepsin B. 

The fact that L-leucylglycylglycine is much less effective as a replace- 
ment agent than is L-leucylglycine is also of interest in relation to_ the 
specificity of transamidation reactions. The result obtained with glycyl- 
glycylglycine is complicated by a surprising inhibition of the rate of deami- 
dation of benzoyl-L-argininamide by cathepsin B (seen to a lesser extent 
with glycylglycine) ; this inhibitory effect of the tripeptide was not observed 
at pH 5. Further studies are needed to explain this phenomenon. 

When L-argininamide, which is not hydrolyzed by cathepsin B at pH 5 
(3), was incubated with glycyl-L-leucine under the conditions of the 
experiments summarized in Table III, no liberation of NH4* was observed, 
and no chromatographic evidence could be obtained for the presence of 
L-arginylglycyl-L-leucine in the incubation mixture. 

Transamidation Reaction Catalyzed by Cathepsin C—Previous experi- 
ments (10) had shown that, at pH 7, cathepsin C catalyzes the reaction 
of glycyl-t-phenylalaninamide with L-argininamide, to form glycyl-.L- 
phenylalanyl-L-argininamide. The appearance of the tripeptide amide in 
the incubation mixture was established by means of paper chromatography. 
In a similar manner, the enzyme-catalyzed reaction of glycyl-L-tyrosin- 
amide with L-argininamide has now been demonstrated. With n-butanol- 
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acetic acid-water (3:1:1) as the solvent, the Ry of glycyl-L-tyrosyl-L- 
argininamide is 0.17, whereas the other ninhydrin-reactive components 
of the mixture gave the following Ry values: glycyl-L-tyrosinamide and 
glycyl-L-tyrosine, 0.40; L-argininamide, 0.09. 

To estimate the efficiency of this transamidation reaction, a quantita- 
tive analysis of an incubation mixture was performed by means of column 
chromatography. Glycyl-L-tyrosinamide, L-argininamide (0.05 m), cathep- 
sin C (0.08 unit per ml.), and cysteine (0.004 M) were incubated at pH 7 
(adjusted with 0.1 N NaOH) for 4 hours; 29.4 umoles of NH4* were liberated 
during this time, indicating that 58.8 per cent of the initial amount of 
substrate had undergone reaction. A 2 ml. sample of the incubation 
mixture was treated with ethanol to remove protein, was centrifuged, 
and the supernatant fluid was evaporated to dryness at 35°. The residue 
was extracted with 1 ml. of 0.6 mM ammonium acetate buffer (pH 5.62) and 
subjected to column chromatography on Amberlite IRC-50 (NH,*+ form) 
with 210 ml. of 0.6 mM ammonium acetate buffer (pH 6.27) as the eluent. 
The operation of the columns was similar to that described earlier in this 
paper for the Dowex 50 columns, except that the flow rate was 4 ml. 
per hour. The effluent fractions were analyzed spectrophotometrically 
by measurement of the absorbance at 275 my; in calculations of the con- 
centration of the tyrosine-containing components, it was assumed that 
the molar absorbance at 275 my of these components is 1250 in all cases. 
The effluent diagram showed three peaks. ‘The peak at 10 ml. corresponded 
to glycyl-L-tyrosine (formed by hydrolysis), the peak at 24 ml. corre- 
sponded to unchanged glycyl-L-tyrosinamide, and the peak at 134 ml. 
corresponded to the expected transamidation product. ‘The area under 
the third peak indicated the presence of 14.1 umoles of glycyl-L-tyrosyl- 
L-argininamide per ml. of the incubation mixture; this quantity amounts 
to about 48 per cent of the total substrate that had undergone reaction. 
The effluent curve for the tripeptide amide overlaps with that for arginin- 
amide (peak at 170 ml.; identified by means of the ninhydrin reagent 
after removal of the ammonium acetate by sublimation). For the analysis 
of the composition of the transamidation product, samples that had 
emerged from the column between 120 and 140 ml. were combined and 
examined by paper chromatography in the manner described above. 
One ninhydrin-reactive component (Rr 0.17) was found; upon acid hydrol- 
ysis, it yielded arginine, glycine, and tyrosine in a molar ratio of 1:1.2:0.8. 

As noted previously (10), L-argininamide is an effective replacement 
agent in reactions catalyzed by cathepsin C, and markedly inhibits the 
formation of the insoluble peptides that arise by enzyme-catalyzed poly- 
merization. This conclusion is confirmed by the above results, which 
also show that, on an equimolar basis, L-argininamide is about 100 times 
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as effective as is water in the competition for the enzyme-substrate com- 
plex (14, 20), under the conditions of these experiments. 

Coupled Transamidation Reaction Catalyzed by Cathepsins B and C—To 
study the coupled action of the two cathepsins, L-prolyl-L-tyrosinamide 
was selected as the substrate of cathepsin C, since earlier work (8, 9) had 
shown that this compound does not serve as a replacement agent in the 
pH range 6 to 7.5. As the replacement agent in the cathepsin C-catalyzed 
reaction, L-argininamide was selected, since it is effective in this respect, 
and is not a substrate for cathepsin B. However, the product of such a 
transamidation reaction, L-prolyl-L-tyrosyl-L-argininamide, should be a 
suitable substrate for cathepsin B. Hence, if the two enzymes were 
incubated with L-prolyl-L-tyrosinamide, L-argininamide, and _ glycyl-.- 
leucine (shown above to serve as a replacement agent in a reaction cata- 
lyzed by cathepsin B), the formation of L-prolyl-L-tyrosyl-L-arginylglycyl- 
L-leucine should be expected. This pentapeptide, if formed, may in turn 
be hydrolyzed by cathepsin C to L-prolyl-L-tyrosine and L-arginylglycyl- 
L-leucine, and by cathepsin B to L-prolyl-L-tyrosyl-L-arginine and glycyl- 
L-leucine. Cathepsin B also may be expected to hydrolyze L-prolyl-L- 
tyrosyl-L-argininamide to the free tripeptide and NH,4". 

The incubation mixture (3 ml.) contained L-prolyl-L-tyrosinamide 
(0.05 mM), L-argininamide (0.05 m), glycyl-ut-leucine (0.05 m), cysteine 
(0.04 m), cathepsin C (0.08 unit per ml.), cathepsin B (0.36 unit per ml.), 
and was adjusted to pH 6.5 with 0.1 N NaOH. After 3 hours, the libera- 
tion of NH,* amounted to 43.6 wmoles per ml. of the incubation mixture; 
a 2 ml. sample was treated with ethanol to remove protein, was centrifuged, 
and the supernatant fluid was concentrated to dryness. The residue was 
dissolved in 1 ml. of 0.6 M ammonium acetate buffer (pH 5.62) and sub- 
jected to chromatography on Dowex 50 columns operated in the manner 
described previously in this paper. For elution, 150 ml. of 0.6 mM ammo- 
nium acetate buffer of pH 6.27 were followed by 270 ml. of 0.6 M ammonium 
acetate buffer of pH 6.8. As before, the concentration of the tyrosine- 
containing components was determined spectrophotometrically at 275 mu. 
Samples (0.1 ml.) also were taken for quantitative determination, by the 
ninhydrin method (17), of several tyrosine-free components; the ammo- 
nium acetate was removed by sublimation 7n vacuo. 

It will be noted from Fig. 2 that the elution diagram showed the pres- 
ence, in the incubation mixture, of tyrosine-containing components with 
efHuent peaks at (A) 24 ml.; (B) 220 ml.; (C) 346 ml. The areas under 
these peaks correspond to 22.2 uwmoles, 19.5 wmoles, and 5.1 uwmoles, per 
ml. of the original incubation mixture. Samples of the effluent solution 
between 18 and 28 ml. were combined, examined by paper chromatography 
in n-butanol-acetic acid-water (3:1:1), and subjected to acid hydrolysis 
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to determine the constituent amino acids. The unhydrolyzed material 
showed a single component of PR» 0.45; on hydrolysis it gave rise to proline 
(Rr 0.26) and tyrosine (Rr 0.33). Since the hydrolysate did not contain 
an appreciable amount of NH,*, it may be concluded that peak A repre- 
sents L-prolyl-L-tyrosine formed by enzymic hydrolysis. Samples of the 
effluent solution between 202 and 240 ml. were treated in a similar manner; 
paper chromatography showed the presence of a major component of Rr 
0.51, which yielded proline and tyrosine on acid hydrolysis. An authentic 
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Fic. 2. Chromatographie analysis on a Dowex 50 column of the components pres- 
ent after incubation of L-prolyl-L-tyrosinamide, L-argininamide, and glycyl-.-leu- 
cine with cathepsins B and C. The solid circles denote values determined by spec- 
trophotometry; the open circles denote values obtained with the ninhydrin method. 
The arrow indicates a change in the eluent (for details, see the text). 


sample of L-prolyl-L-tyrosinamide emerged from the column at the same 
effluent volume as did peak B, which therefore represents the unchanged 
dipeptide amide. Chromatographic examination of the effluent solution 
between 330 and 380 ml. showed a single ninhydrin-reactive component 
(yellow spot) of Ry 0.32 with n-butanol-acetic acid-water, of Rr 0.39 
with 2-butanol-formic acid-water (75:15:10), and of Rr 0.32 with 2,6- 
lutidine-water (65:35); it migrated as a single positively charged com- 
ponent upon paper electrophoresis at pH 3.5. A measurement of the 
absorbance of a sample of 275 my, and a quantitative Sakaguchi determina- 
tion, gave a molar ratio of tyrosine to arginine of 1:1 in the component 
at peak C. Upon acid hydrolysis, samples of this component gave rise 
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to proline, tyrosine, and arginine, as Judged by paper chromatography; 
in some chromatograms, faint spots corresponding to glycine and leucine 
were observed. The available data indicate, therefore, that the component 
at peak C is L-prolyl-L-tyrosyl-L-arginine. 

Analysis of effluent samples by the ninhydrin method showed the pres- 
ence of tyrosine-free components with peaks near 10 ml. (identified as 
glycylleucine and cysteine) and at 60 ml. (arginine). In addition, a 
tyrosine-free component (D) appeared at 112 ml.; if its color value rela- 
tive to leucine is assumed to be unity, 3.4 uwmoles of this material were 
present per ml. of the incubation mixture. The component at peak D 
behaved as a single substance upon paper chromatography with n-butanol- 
acetic acid-water (Rr 0.38), and, upon acid hydrolysis, gave arginine, 
glycine, and leucine in a molar ratio of 1:1:1.1. It may be concluded, 
therefore, that the component at peak D represents L-arginylglycyl-L- 
leucine. Since this compound did not appear in a control experiment 
from which L-prolyl-L-tyrosinamide had been omitted, it seems likely 
that the tripeptide had arisen by the hydrolytic action of cathepsin C 
on the expected pentapeptide L-prolyl-L-tyrosyl-L-arginylglycyl-L-leucine. 
The cleavage of the pentapeptide by cathepsin B would yield L-prolyl-t- 
tyrosyl-L-arginine (peak C), which could also arise, however, by enzymic 
hydrolysis of the corresponding amide. Apparently, this amide, as well 
as L-argininamide, is not eluted from Dowex 50 columns under the condi- 
tions described above; as was to be expected, such compounds are retained 
more firmly on polysulfonate resins than on polycarboxylate resins such 
as Amberlite IRC-50. 

The appearance of free arginine (3.2 wmoles per ml. of the incubation 
mixture) in the effluent diagram is of interest, and suggests that cathepsin 
C can effect the cleavage of L-prolyl-L-tyrosyl-L-arginine at the tyrosyl- 
earginine bond. 

In the identification of the amino acid composition of the various com- 
ponents obtained by column chromatography, it was noted that acid 
hydrolysis of prolyltyrosyl compounds gave rise to small amounts of a 
substance that exhibited an Ry of 0.50, and gave a blue color with the 
ninhydrin reagent. This substance also appears upon hydrolysis of 
L-prolyl-L-tyrosinamide with 10 N hydrochloric acid for 20 hours at 110°, 
in addition to the expected free amino acids. It appears likely that the 
component of Rr 0.50 is tyrosylproline, formed via the corresponding 
diketopiperazine, in analogy to the partial conversion of glycylvaline to 
valylglycine upon treatment with acid (21). 


SUMMARY 


Cathepsin B catalyzes transamidation reactions of benzoyl-L-arginin- 
amide with hydroxylamine (pH optimum near 6.5) and with several 
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dipeptides; of those tested, glycyl-L-leucine was most effective as a replace- 
ment agent. Upon incubation of L-prolyl-L-tyrosinamide, L-argininamide, 
and glycyl-L-leucine with cathepsins B and C, 
is formed; since L-argininamide is not a substrate for cathepsin B under 
the conditions of these experiments, but is an effective replacement agent 
in reactions catalyzed by cathepsin C, it appears that the tripeptide arose 
by hydrolytic cleavage of the pentapeptide L-prolyl-L-tyrosyl-L-arginyl- 
glycyl-L-leucine, formed as a transient intermediate in a coupled transami- 
dation reaction catalyzed by the two intracellular proteinases. 
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ASSIMILATION OF CARBON DIOXIDE BY 
HYDROGEN BACTERIA* 


By FRED H. BERGMANN,t JACK C. TOWNE,f{ ann R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 12, 1957) 


Autotrophic organisms can use carbon dioxide as their sole source of 
carbon. Within this group, the chemosynthetic bacteria secure energy 
for carbon dioxide assimilation by the oxidation of simple inorganic sub- 
stances, although the photosynthetic organisms obtain this energy from 
light. The phylogenetic relationships of the chemosynthetic bacteria to 
the photosynthetic and to the heterotrophic organisms have been a matter 
for much speculation (1,2). The demonstration of biochemical similarities 
or differences among the organisms of these three groups could offer clues 
to their interrelationships. 

Recently, the main pathway of carbon dioxide fixation by photosynthetic 
tissue has been clarified. It has been demonstrated that PGA! is the 
first stable photosynthetic product (3, 4) and that ribulose diphosphate 
is the primary carbon dioxide acceptor (5). The carboxylating enzyme 
involved has been termed carboxydismutase. 

Similar reactions have been demonstrated in several chemoautotrophic 
bacteria. Santer and Vishniac (6) showed that ribulose diphosphate 
greatly stimulated the uptake of COs. by cell-free extracts of Thiobacillus 
thioparus and that radioactive PGA was formed. ‘Trudinger (7) demon- 
strated a similar system in extracts of Thiobacillus denitrificans. He was 
able to show that this organism potentially was. capable of synthesizing 
hexose phosphates from carbon dioxide by a cyclic mechanism similar to 
that described for photosynthetic tissue by Calvin (8). However, the 
quantitative significance of the carboxydismutase system for the steady 
state fixation of carbon dioxide during the growth of these organisms 
remained uncertain, More recently, Suzuki and Werkman (9) reported 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Office of Naval Research. 
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1 The following abbreviations are used: PGA for phosphoglyceric acid, R-5-P for 
ribose 5-phosphate, ATP for adenosine triphosphate, Tris for tris(hydroxymethy])- 
aminomethane. 
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that PGA is the first stable product of carbon dioxide fixation by whole 
cells of Thiobacillus thiooxidans. 

In the present communication are similar results obtained with Hydro- 
genomonas facilis, a representative of another group of chemoautotrophic 
organisms, the hydrogen bacteria. These organisms, when grown under 
autotrophic conditions, obtain energy for the reduction of carbon dioxide 
by the oxidation of molecular hydrogen to water (the oxyhydrogen or 
Knallgas reaction). Some experiments with cell-free preparations from 
H. facilis also are presented. 


Materials and Methods 


Culture of Organism and Preparation of Cell-Free Hxtracts—A culture of 
H. facilis, obtained from Dr. A. Schatz in 1951, was maintained by con- 
tinuous subculture under autotrophic conditions. The bacteria were 
grown in a modified Ruhland’s salt medium which contained the following 
macronutrients per liter of distilled water: NaHCO; 1.0 gm., NH,Cl 1.0 
gm., KHePO, 0.5 gm., MgSO,4-7H.0 0.1 gm., NaCl 0.1 gm., CaCl: 0.1 gm., 
and Fe(NH4)2(SO4)2-6H2O 8 mg. A solution of trace elements, described 
by Cohen and Burris (10), was added to this medium. The cells were 
aerated with a gas mixture consisting of 6 parts of hydrogen, 2 parts of 
oxygen, and 1 part of carbon dioxide by volume; species of the Hydro- 
genomonas assimilate these gases in approximately the proportions sup- 
plied (11, 12). The incubation temperature was 30°. 

The experiments with whole cells were performed with 100 ml. volumes 
of culture grown in 500 ml. shaken flasks. 5 ml. of a 2 to3 day-old culture 
served as the inoculum. The gas mixture was replaced frequently during 
growth. Under these conditions, the lag phase of growth is about 2 
hours; growth (determined turbidimetrically) remains in its exponential 
phase for approximately 35 hours, and the generation time is about 5 
hours. Exposures of whole cells to CO. were performed at a tempera- 
ture of 24° with 26 to 29 hour-old cultures; at this time the culture con- 
tained about 0.1 mg. of cellular nitrogen per ml. Before exposure to 
NaHC"Qs, the gas mixture was changed to one containing less CO2 (He- 
Oo-COs = 39:10:1) to avoid excessive dilution of NaHC"“O;. The cul- 
tures were equilibrated with this new gas mixture for half an hour before 
addition of NaHC'O;. Cells were exposed to C'™ by rapidly injecting 
NaHCO; solution into the actively metabolizing cultures, and the cul- 
tures were inactivated after preselected intervals with 5 ml. of 60 per cent 
perchloric acid per 100 ml. of culture or with sufficient hot 95 per cent 
ethanol to bring the final ethanol concentration to 70 per cent. 

8 liter mass cultures used for the preparation of cell-free extracts were 
grown in a closed gas-circulating system described by Cohen and Burris 
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(10). After 15 to 18 hours of growth, the organisms had assimilated 35 
to 40 liters of the gas mixture, and a yield of 10 to 15 gm. of packed wet 
cells generally was obtained. The cell mass was washed twice with 0.1 M 
Tris or glycylglycine buffer, pH 7.5, and then resuspended in 25 ml. of 
buffer containing 10 mg. of cysteine. 

Cell-free preparations were made by subjecting suspensions of cells to 
the sonic vibrations of a 10 ke. magnetostrictive oscillator (Raytheon 
Company, Waltham, Massachusetts) at full power (250 watts). The 
apparatus was cooled by circulating ethanol-water or ethylene glycol at 
—10° through the cooling jacket. To prevent excessive heating, sonic 
treatment was interrupted every 5 minutes. Under these conditions, 
the temperature of the treated suspensions never exceeded 5°. 

The suspensions, after treatment in the sonic oscillator, were centrifuged 
for 20 minutes at full speed in the high speed head of the International 
refrigerated centrifuge (about 20,000 « g). The opalescent supernatant 
solutions contained 5 to 9 mg. of protein N per ml. and had a red color. 
Spectrophotometric examination revealed cytochrome bands. Prepara- 
tions of this type had strong hydrogenase activity as measured with 
methylene blue or oxygen as the hydrogen acceptor. 

Exposures of cell-free preparations to NaHC™O; in the presence of 
various substrates and cofactors were performed in standard Warburg 
respirometers. 

Materials—Radioactive sodium bicarbonate solutions were prepared 
by converting BaC'“Os; (15 to 20 per cent carbon as C'*, obtained from the 
Oak Ridge National Laboratory) to C™O,. gas and reabsorbing this in 
NaOH. The reaction was performed in standard Warburg respirometers 
with 100 ml. reaction vessels. 

The disodium salt of ATP was a product of the Pabst Laboratories. 
The barium salts of various sugar phosphates were obtained from the 
Nutritional Biochemicals Corporation; these were converted to their 
sodium salts by decomposition with sodium sulfate or by allowing them 
to react with the hydrogen form of Dowex 50 and subsequently neutralizing 
them with NaOH. 5-Phosphoribonic acid was prepared from _ ribose 
5-phosphate by the method of Robison and King (13). Other materials 
used in reaction mixtures or for cochromatography were reagent grade 
chemicals. 

Estimation of Enzymes and Metabolites—Nitrogen was determined by a 
Nessler method (14) or by semimicro-Kjeldahl distillation (15). Inor- 
ganic phosphorus, total phosphorus, and pentoses were estimated by 
methods described by LePage (16). The anthrone method was used for 
carbohydrates (17). Glyceric acid and PGA were determined by the 
method of Rapoport (18). Amino acids were detected qualitatively with 
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ninhydrin, and organic acids eluted from columns were estimated by 
titrations. Phosphoriboisomerase was assayed by the method of Axelrod 
and Jang (19). 

Assays for Radioactivity—In most of the work reported here, 1 ml. 
samples in an alkaline gelatin solution were plated out on 1 inch diameter 
flat copper planchets.2. Better reproducibility was obtained with this 
method than with “infinitely thin” samples. 1 volume of 10 per cent 
gelatin in 0.1 N NaOH was added to 9 volumes of the sample (highly 
acidic samples were first neutralized). 1 ml. aliquots of this mixture then 
were plated out on clean copper planchets and dried overnight in air. If 
the final solution had a pH below 10, the gelatin film tended to peel away 
from the planchet after drying. Corrections for coincidence, background, 
and self-absorption were made in the usual manner. 

Chromatographic M ethods—Radioactive reaction mixtures were analyzed 
by the following three chromatographic techniques: (a) Ion exchange 
chromatography on Dowex 1 formate resin with formic acid and ammonium 
formate as eluents (20, 21). The samples, before analysis, were dried in a 
stream of air at 45° (21) or in vacuo over NaOH at 37°. Ammonium 
formate was removed by lyophilization. (6) Partition chromatography 
on silica gel columns by the method of Liberman (22); and (c) two-direc- 
tional paper chromatography and subsequent radioautography as described 
by Benson et al. (3). Various other paper chromatographic systems occa- 
sionally were used as adjuncts to these three basic techniques. Compounds 
were considered as identified when shown to cochromatograph well with 
authentic samples in two, and preferably three, different systems. 


Results 


Results with Whole Cells—Whole cells of H. facilis fixed NaHCO; 
at a linear rate for several minutes. The percentage of the total C™ 
fixed in the perchloric acid-insoluble or ethanol-insoluble fractions (mostly 
protein) increased markedly with time (Fig. 1), showing that synthesis 
of polymeric cell constituents was rapid. 

A kinetic analysis was conducted on the radioactive perchloric acid-soluble 
components formed during 5, 15, 45, 135, and 600 seconds of exposure to 
NaHCO; (1 me. per 100 ml. of culture). After a 5 second exposure, 
96 per cent of the assimilated C'* was found in the perchloric acid-soluble 
fraction. After 600 seconds, this fraction contained only 44 per cent of 
the C'* fixed. After 5 seconds, peaks 3 and 4 (Fig. 2) contained the bulk 
of this fixed C'*. The soluble fractions were chromatographically separated 


2 We are grateful to Dr. M. J. Johnson and to several members of his laboratory 
for acquainting us with the method for counting radioactive samples in gelatin 
films. 
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on Dowex 1 formate resin. The distribution of C’ among the chromato- 
graphic fractions changed markedly with time (Fig. 2). 

Peak 3 appeared to be a mixture of hexose monophosphates; glucose 
6-phosphate exhibited chromatographic behavior similar to this peak in 
several solvent systems. Both in the Dowex 1 formate system and on 
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Fic. 1. Gross distribution of radioactivity in whole cells of H. facilis after ex- 
posure to NaHC"O;. 100ml. cultures of H. facilis were exposed to 1 mc. of NaHCO; 
and were inactivated by the addition of 5 ml. of 60 per cent perchloric acid and rapid 
chilling. The residue was reextracted with 3 per cent perchlorie acid, perchloric 
acid was removed from the combined supernatant solutions as the potassium salt, 
and the protein fraction was recovered from the residue. Similar results were ob- 
tained by exposing cells to COz gas rather than to NaHCO, and by killing with hot 
ethanol, rather than with perchloric acid. 


two-directional paper chromatograms, the radioactivity in peak 3 showed 
a wider “spread” than authentic glucose 6-phosphate, indicating that 
other phosphorylated sugars were present. Treatment of the compounds 
of peak 3 with phosphatase produced two labeled free sugars; these were 
separated by two-directional paper chromatography and were located on 
the papers by radioautography and by spraying with naphthoresorcinol. 
The movement of one sugar was identical with fructose, but the other 
was slightly displaced from glucose. 
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CO2 FIXATION BY HYDROGEN BACTERIA 
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The elution pattern from Dowex 1 of added phosphoglyceric acid, 
estimated by a colorimetric method for glyceric acid (18) and by total 
phosphorus, coincided exactly with the pattern of radioactivity of peak 4. 
When peak 4 was dephosphorylated with alkaline phosphatase, the resulting 
glyceric acid again coincided with an authentic sample both on Dowex 1 
columns and on silica gel partition columns. 

The compound of peak 2 (Fig. 2), containing about 7 per cent of the 
total C™ fixed during a 5 second exposure, was identified as malice acid by 
cochromatography with an authentic sample on Dowex 1 formate and on 
silica gel columns. 

An examination of the distribution of C™ in the acid-soluble fraction 
indicates that the percentage of total C' decreased with time in phos- 
phoglyceric acid, in the sugar phosphate fraction, and in malic acid (Figs. 
2 and 3). These compounds therefore can be considered as early products 
of carbon dioxide fixation in H. facilis. On the other hand, the relative 
amount of radioactivity in peak 5 (a mixture of glutamic and aspartic 
acids) and in the forerun (peak 1, Fig. 2) of neutral and cationic substances, 
including neutral amino acids, increased with time. After exposures to 
CO. for 45 seconds or more, glutamic acid was by far the predominant 
radioactive amino acid in peak 5, although after a 5 or 15 second exposure 
the amounts of C'4 found in glutamic and aspartic acids were approximately 
equal. The kinetic behavior of glutamic acid is thus that of a typical end 
product of carbon dioxide fixation, whereas aspartic acid, like malic acid, 
may be an early product of carbon dioxide fixation in this organism. 

Recovery of C' from Dowex 1 formate columns, compared to the radio- 
activity of the acid-soluble fractions added to the columns, was about 


Fic. 2. Chromatography on Dowex 1 formate of the acid-soluble fractions of 
H. facilis cells exposed to NaHC¥QO;. 100 ml. volumes of cultures of H. facilis each 
were exposed to 1 me. of NaHC'™QO;. The cells were killed by the addition of 5 ml. 
of 60 per cent perchloric acid. The suspension was centrifuged, the residue reex- 
tracted with 3 per cent perchloric acid, and the combined supernatant solutions 
were adjusted to pH 7 with KOH; KClIO, was removed by centrifugation before 
chromatography. A 50 ml. forerun obtained by washing with water has been plotted 
as a flat ten tube peak (peak 1) eluted before tube 1. 5 ml. fractions of increasing 
concentrations of formic acid (gradient elution as described by Busch et al. (20)) 
were collected up to tube 60. The column then was irrigated with 3.5 N formic acid- 
0.5 N ammonium formate until forty more 5 ml. fractions had been collected; these 
fractions were lyophilized before assay. Recovery refers to the total C4 found in 
the eluted fractions compared to the amount of C4 added to the column. The or- 
dinates have been normalized so that each elution pattern corresponds to 10,000 
e.p.m. added to a column. In practice, two to three times as much radioactivity 
usually was used. Peak 1, forerun (neutral and cationic materials); peak 2, malic 
acid; peak 3, “sugar phosphates;’’ peak 4, phosphoglyceric acid; peak 5, glutamic 
and aspartic acids. 
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70 per cent. Orgel, Dewar, and Koffler (23) have reported that acetic 
and formic acids, compounds which generally are lost during chromatog- 
raphy on anion exchange columns, are early products of COs: fixation by 
H. facilis. However, chromatographic separation of our reaction mixtures, 
or of the corresponding steam distillates, on silica gel revealed negligible 
incorporation of C' into the volatile organic acids under the conditions 
of our experiments. Similarly, no significant amounts of radioactive 
keto acids, either in the free form or as their dinitrophenylhydrazones, 
could be detected. As no significant trend toward better recoveries of C' 
with increasing time of exposure of cells to NaHCO; was noted, it seems 
probable that no major early intermediates were missed, but rather that 
the low recoveries arose from systematic errors such as losses of radio- 
activity during lyophilization. 

Results with Cell-Free Preparations—Freshly harvested cells of H. facilis 
yielded extracts whose ability to fix CO: was stimulated by the addition 
of sugar phosphates. Ribose 5-phosphate was the most active com- 
pound, being twice as active as glucose 6-phosphate or fructose 6-phosphate. 
Pyruvie acid and tricarboxylic acid cycle intermediates were relatively 
ineffective in stimulating fixation of C'Qs. 

Fixation of carbon dioxide in the presence of R-5-P was linear for at 
least 25 minutes; the 50 minute point indicated that the rate of fixation 
had decreased by that time (Fig. 4). Fixation with added R-5-P usually 
was about ten times as high as the endogenous fixation, but in occasional 
preparations R-5-P stimulated only 3-fold. The reaction required oxygen, 
for in evacuated Thunberg tubes the rate of CO: fixation was less than 
20 per cent of the aerobic rate. 

Attempts to increase the rate of the R-5-P-dependent fixation by the 
addition of an energy source indicated that ATP in high concentrations 
(0.01 m) inhibited the reaction strongly, but that lower levels of ATP 
produced 20 to 100 per cent stimulation of CQO: fixation. 

Since the extracts had vigorous hydrogenase activity, the possibility 
of coupling the oxyhydrogen reaction to CQ» fixation was also investigated. 
However, a gas mixture of 20 per cent oxygen and 80 per cent hydrogen 
depressed fixation compared to controls run in air. 


Fia. 3. Change in distribution of C'* with time in various fractions eluted from 
Dowex 1 columns. The z axis is on a logarithmic scale beyond the 5 second point. 
The data from Fig. 2 have been recalculated here to give the per cent of total re- 
covered radioactivity found in each peak. The dashed lines in the graphs of ‘“‘sugar 
phosphates”’ and phosphoglyceric acid are hypothetical. They refer to the expected 
kinetic behavior of these two groups if phosphoglyceric acid is a precursor of ‘‘sugar 
phosphates.”’ 
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Fic. 4. Influence of ribose 5-phosphate on the time course of CO: fixation by cell- 
free preparations from H. facilis. The system contained the following: 1.0 ml. of 
cell-free preparation in Tris HCl buffer, 0.1 mM, pH 7.0; 0.2 ml. of NaHCO; (652,000 
e.p.m.); 0.1 ml. of R-5-P (10 uM) or 0.1 ml. of water. The temperature was 30°. 
The reaction was stopped by the addition of 2 N HCl in acetone. ©O,no R-5-P was 
added, @, R-5-P was added. 


DISCUSSION 

The results with whole cells of H. facilis show that PGA (or a compound 
producing PGA during the inactivation procedure) and hexose phosphates 
are the main early compounds formed during carbon dioxide fixation by 
this organism. The more rapid relative decrease of the percentage of 
total C4 in PGA with time, as well as the analogy to similar systems found 
in other organisms, suggests that PGA is the precursor of the sugar phos- 
phates. PGA probably is formed by the carboxylatien of ribulose diphos- 
phate. 

Suzuki and Werkman (9) have found a similar pattern of labeling for 
one of the thiobacilli, another group of chemoautotrophic bacteria. The 
carboxylation of ribulose diphosphate thus may be the main mode of 
carbon dioxide fixation by many, if not all, of the chemoautotrophic 
microorganisms. The phylogenetic significance of such a biochemical 
relationship between photosynthetic and chemoautotrophic organisms 
remains to be assessed, for under certain conditions heterotrophic bacteria 
such as Escherichia coli also can carboxylate ribulose diphosphate (24). 

Our data suggest that the carboxylation of pyruvate or a related com- 
pound to yield a C-4 dicarboxylic acid constitutes a second, quantitatively 


| 


KF. H. BERGMANN, J. C. TOWNE, AND R. H. BURRIS 23 


less significant, route for fixation of carbon dioxide by the hydrogen 
bacteria. Reactions of this type previously have been demonstrated in 
extracts of H. facilis by Judis et al. (25). The percentage of the total C'4 
(calculated in terms of C™ fixed in compounds soluble in perchloric acid) 
in malic and in aspartic acids decreased with time of exposure of the cells 
to NaHC"Os, indicating that these compounds also are early intermediates 
in fixation of carbon dioxide. The data do not establish the mechanism 
of this fixation, for an intermediate present in small concentration and 
subject to rapid turnover (such as oxalacetic acid) could have been missed 
in these experiments. 

To explain the stimulation of carbon dioxide fixation by R-5-P added 
to cell-free extracts of H. facilis, it is logical to suggest that R-5-P was 
isomerized to ribulose 5-phosphate and then phosphorylated to ribulose 
diphosphate, the acceptor of carbon dioxide in the carboxydismutase 
system. An active phosphoriboisomerase, the first enzyme required for 
this transformation, could be demonstrated in our extracts. Both the 
enzymatic activity and the R-5-P-dependent fixation of carbon dioxide 
could be inhibited by 5-phosphoribonic acid, an inhibitor of phosphori- 
boisomerase (19). This suggests that PGA could have been formed during 
these experiments, and that the PGA then was rapidly metabolized via 
normal glycolytic pathways to pyruvate or phosphoenolpyruvate. Second- 
ary carboxylations could yield 4-carbon dicarboxylic acids as end products. 
However, the data do not rule out other interpretations, such as the 
conversion of R-5-P to phosphoenolpyruvate, which then could be car- 
boxylated. 

The radioactive end products of the R-5-P-dependent cell-free fixation 
of C“%O, always were malic and fumarie acids, contrary to expectations. 
The identification of these compounds was based on cochromatography 
of authentic samples and the reaction mixture with several solvent systems 
on paper and with partition chromatography on silica gel. As fixation 
of NaHCO; is rather weak in the cell-free as compared to the whole cell 
system, exposures to NaHC"OQO; of less than 1 minute were not performed. 
Very early products of fixation having a small pool size thus could have 
been missed. 


SUMMARY 


1. Whole cells of Hydrogenomonas facilis, a chemoautotrophic bacterium, 
fix carbon dioxide rapidly into phosphoglyceric acid and hexose phosphates. 
After 5 seconds exposure to NaHC"Os;, the bulk of the C" fixed is found 
in these compounds. A quantitatively less important pathway for fixa- 
tion of carbon dioxide involves direct formation of C-4 dicarboxylic acids, 
presumably by the carboxylation of a C-8 compound. 
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2. The rate of carbon dioxide fixation by cell-free extracts of H. facilis 


is markedly increased by the addition of ribose 5-phosphate. The pro- 
ducts of this fixation are malic and fumarie acids. 
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EXPERIMENTS WITH p-CYSTEINE IN THE RAT 


By DORIANO CAVALLINI, CARLO DE MARCO, 
AND BRUNO MONDOVI 
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(Received for publication, August 5, 1957) 


In contrast to the behavior of the unnatural form of many amino acids, 
p-cystine is unable to support the growth of rats on a cystine-deficient 
diet (1). Although the biological value of p-cystine is nil, its gross me- 
tabolism does not seem to differ appreciably from that of the natural 
enantiomorph. Actually, when p-cystine is fed to rabbits by stomach 
tube, it is excreted, like the L form, as extra sulfate and as extra neutral 
sulfur (2). Because the few additional studies in this field have dealt 
mainly with the unresolved racemic mixture (3-7), exact information on 
the metabolic fate of p-cystine in the animal body is still unavailable. 

We thought it would be of interest to resume the early work of du Vig- 
neaud and coworkers (2) on the metabolism of p-cystine, making use of the 
chromatographic techniques for the detection of the final metabolites 
in the urine. Our first results soon indicated that it was desirable to 
extend the study to the p isomers of some natural derivatives of cystine. 
For that purpose, experiments with p-cysteic acid and p-cysteinesulfinic 
acid have been performed and included in the present paper. 


Materials and Methods 


p-Cystine was in part a generous gift of Professor du Vigneaud and in 
part obtained by oxidation! of commercial p-cysteine (Fluka, Switzerland). 
When converted into cystine,? the commercial p-cysteine had a rotation of 
[a]?? +224° (0.2 per cent in N HCl). p-Cysteic acid, which was prepared 
by bromine oxidation of p-cystine according to the procedure of Clarke 
(9), had a rotation of [a}?? —6.9° (3 per cent in water). p-Cysteine- 
sulfinie acid was prepared according to Lavine (10), and its rotation was 
[a]??> —22.4° (1 per cent in N HCl). 


1 Air was bubbled through the neutralized solution of p-cysteine in the presence 
of a trace of CuCl. as catalyst. The final suspension was slightly acidified with 
acetic acid and the crystals were filtered, washed with water, and dried. 

2 It was preferred to check the rotation of cystine prepared from pD-cysteine, in 
the place of p-cysteine itself, since this procedure is more accurate in the determina- 
tion of the stereochemical purity of cysteine. In fact, as stated by Toennies and 
Bennett (8), the presence of less than 0.5 per cent of cystine, easily formed by oxida- 
tion, would cause a decrease in the rotation simulating the presence of 10 per cent 
of optically inactive cysteine. 
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Male rats of the Wistar strain weighing 150 to 250 gm. were kept in 
metabolic cages on a balanced diet (starch 63, casein 18, yeast 15, lard 8, 
salt mixture 4, cod liver oil 2)... The substances under study were dissolved 
in a small amount of water, neutralized, and fed by stomach tube. The 
oral route was preferred in order to compare our results with those already 
present in the literature. Cysteine was given in the place of cystine, 
owing to its solubility. 

The urines were collected for a period of 24 hours over 2 ml. of 2 N 
HCl and diluted to 25 ml. with washings. After treatment with H.S- 
treated charcoal, suitable amounts of the filtered suspension (0.5 to 4 ml.) 
were used for the determination of cysteic acid, taurine, cysteinesulfinic 
acid, and hypotaurine by ion exchange chromatography (11, 12) and for 
the determination of inorganic sulfate (13) and of cystine (14). Because 
the peaks of taurine and cysteinesulfinic acid overlap in the ion exchange 
chromatographic procedure (12), paper chromatography of the same 
urine sample, passed through a small column of Dowex 50 resin in the H 
form,® was run in parallel, and the ratio of taurine to cysteinesulfinic acid 
was evaluated by densitometry of the ninhydrin-developed chromato- 
gram. 


Results 


The content of cysteic acid, taurine, hypotaurine, cystine, and inorganic 
sulfate in the urine of rats on the basal diet is shown in Table I. Table 
IT shows the content of the same compounds after feeding different amounts 
of L- and p-cysteine. It may be seen that the administration of L-cysteine 
results in an increased excretion of all the compounds analyzed except 
cysteic acid. On the contrary, although p-cysteine is equally well de- 
graded to sulfate, it does not yield hypotaurine or cause an increased 
excretion of taurine. The relevant features of the values obtained after 
feeding the p isomer are the high excretion of cystine and the excretion of 
a definite amount of cysteic acid with the higher dosage of cysteine. 

Table III reports the experiments with the isomeric forms of cysteic 
acid. Only the L form is extensively decarboxylated to taurine, and both 
are in large amount excreted unmodified in the urine. The lower excretion 
of the L form may be explained by its partial decarboxylation to taurine. 

In Table LV are collected the results of the experiments with the stereo- 
isomeric forms of cysteinesulfinic acid. The L compound is in large 
amount converted into sulfate, and a very small amount is oxidized to 
cysteic acid. Hypotaurine and taurine are also excreted over the normal 


3 We found that electrolytic desalting of urine destroys cysteic acid and cysteine- 
sulfinie acid. 
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TABLE I 


Excretion of Sulfur Compounds in Urine of Rats on Basal Diet 
Values in mg. per rat per 24 hours. 
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Rat No. Cysteic acid Taurine Hypotaurine Cystine SO4-S 

1 0 5.57 0 1.0 6.36 

2 0 8.76 0 0.59 6.27 

3 0 6.79 0 0.57 5.93 

4 0 1.71 0 0.98 5.55 

5 0 5.47 0 1.01 7.17 
Average....... 5.66 0 0.83 6.25 

TABLE II 


Excretion of Sulfur Compounds in Urine of Rats after Feeding Lt- and v-Cysteines 
p 


Values in mg. per rat per 24 hours. 


Rat No. | Compound fed | Cysteic acid | Taurine oe. Cystine SO4-S 
mg. 
6 100 L-Cysteine 0 11.96 0 1.9 13.02 
7 200 25.10 1.32 
300 29.76 5.99 1.02 | 31.94 
10 300 69.85 22.67 2.36 22.25 
11 300 a | 0 69.40 7.51 1.36 | 32.86 
12 100 p-Cysteine 7.0 1.47 14.95 
13 300 ” 3.24 2.64 0 7.62 27.74 
14 300 - 1.86 2.31 0 13.72 30.36 
15 300 m 1.82 2.02 0 14.98 29.74 
* Not determined. 
TABLE III 


Excretion of Sulfur Compounds in Urine of Rats after Feeding L- and p-Cysteic Acids 
Values in mg. per rat per 24 hours. 


Rat No Compound fed Cysteic acid Taurine ras Cystine SO.4-S 
16 100 L-Cysteic acid 8.60 4.88 0 ° 7.94 
17 300 30.45 44.32 0 2.28 8.62 
18 100 p-Cysteic ‘“‘ 46.45 1.23 0 6.11 
19 300 = ae 86.54 1.25 0 0.82 9.02 


* Not determined. 
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Male rats of the Wistar strain weighing 150 to 250 gm. were kept in 
metabolic cages on a balanced diet (starch 63, casein 18, yeast 15, lard 8, 
salt mixture 4, cod liver oil 2)... The substances under study were dissolved 
in a small amount of water, neutralized, and fed by stomach tube. The 
oral route was preferred in order to compare our results with those already 
present in the literature. Cysteine was given in the place of cystine, 
owing to its solubility. 

The urines were collected for a period of 24 hours over 2 ml. of 2 N 
HCl and diluted to 25 ml. with washings. After treatment with H-.S- 
treated charcoal, suitable amounts of the filtered suspension (0.5 to 4 ml.) 
were used for the determination of cysteic acid, taurine, cysteinesulfinic 
acid, and hypotaurine by ion exchange chromatography (11, 12) and for 
the determination of inorganic sulfate (13) and of cystine (14). Because 
the peaks of taurine and cysteinesulfinic acid overlap in the ion exchange 
chromatographic procedure (12), paper chromatography of the same 
urine sample, passed through a small column of Dowex 50 resin in the H 
form,® was run in parallel, and the ratio of taurine to cysteinesulfinic acid 
was evaluated by densitometry of the ninhydrin-developed chromato- 
gram. 


Results 


The content of cysteic acid, taurine, hypotaurine, cystine, and inorganic 
sulfate in the urine of rats on the basal diet is shown in Table I. Table 
II shows the content of the same compounds after feeding different amounts 
of L- and p-cysteine. It may be seen that the administration of L-cysteine 
results in an increased excretion of all the compounds analyzed except 
cysteic acid. On the contrary, although p-cysteine is equally well de- 
graded to sulfate, it does not yield hypotaurine or cause an increased 
excretion of taurine. The relevant features of the values obtained after 
feeding the p isomer are the high excretion of cystine and the excretion of 
a definite amount of cysteic acid with the higher dosage of cysteine. 

Table IIL reports the experiments with the isomeric forms of cysteic 
acid. Only the L form is extensively decarboxylated to taurine, and both 
are in large amount excreted unmodified in the urine. The lower excretion 
of the L form may be explained by its partial decarboxylation to taurine. 

In Table LV are collected the results of the experiments with the stereo- 
isomeric forms of cysteinesulfinic acid. The L compound is in large 
amount converted into sulfate, and a very small amount is oxidized to 
cysteic acid. Hypotaurine and taurine are also excreted over the normal 


3 We found that electrolytic desalting of urine destroys cysteic acid and cysteine- 
sulfinie acid. 
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in TaBLeE I 
18 Excretion of Sulfur Compounds in Urine of Rats on Basal Diet 
oil Values in mg. per rat per 24 hours. 
The Rat No. Cysteic acid | Taurine Hypotaurine Cystine SO4-S 
ady 
ine, l 0 5.57 0 1.0 6.36 
2 0 8.76 0 0.59 6.27 
i 3 0 6.79 0 0.57 5.93 
Saget 4 0 1.71 0 0.98 5.55 
S- | 5 0 5.47 0 1.01 7.17 
a.) | | 
nie Average....... 0 5.66 0 | 0.83 6.25 
for 
TABLE II 
ABE Excretion of Sulfur Compounds in Urine of Rats after Feeding t- and pv-Cysteines 
me , 
H Values in mg. per rat per 24 hours. 
cid Rat No. | Compound fed | Cysteic acid | Taurine —— Cystine SOS 
to- ——/— 
meg. 
6 100 L-Cysteine —s_-O 11.96 0 1.9 13.02 
7 200 . 25.10 1.32 
Ss 200 27.42 0 
nic 300 29.76 5.99 1.02 | 31.94 
ble 10 300 69.85 22.67 2.36 22.25 
il 300 | 69.40 7.51 1.36 | 32.86 
12 100 p-Cysteine 7.0 | O | 1.47 14.95 
13 300 * 3.24 2.64 0 | 7.62 27.74 
pt 14 300 “ 1.86 2.31 | 0 13.72 | 30.36 
le- 15 300 oe 1.82 2.02 0 14.98 | 29.74 
ed | - 
er * Not determined. 
of 
TaBLe III 
ic Excretion of Sulfur Compounds in Urine of Rats after Feeding t- and p-Cysteic Acids 
th Values in mg. per rat per 24 hours. 
on Rat No. | Compound fed Cysteic acid Taurine Cystine 
0- 
ze 16 100 L-Cysteic acid 8.60 4.88 0 vi 7.94 
to 17 300 " “ 30.45 44.32 0 2.28 8.62 
18 100 p-Cysteic “ 46.45 1.23 0 . 6.11 
19 | 300 86.54 1.25 0 0.82 | 9.02 
e- | 
* Not determined. 
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range. The quantity of hypotaurine, however, is very low compared 
with the quantity of the same compound excreted when L-cysteine is fed 
in the same amount. The pb isomer is partially converted into sulfate, 
the larger part being excreted unchanged or oxidized to cysteic acid. 
An unsuspected result is the excretion of a relatively large amount of 
taurine after the feeding of 300 mg. of pb-cysteinesulfinic acid. This 
fact probably indicates the occurrence of stereospecific deaminative and 
reaminative reactions of cysteinesulfinic acid in the animal body. Indeed, 
no decarboxylase able to act upon a p-amino acid is yet known at present, 
and a possible explanation is the one above, namely the partial conversion 
of the p form into the tu form of cysteinesulfinic acid. Further work is in 
progress to elucidate this point. 


TABLE IV 


Excretion of Sulfur Compounds in Urine of Rats after 
Feeding L- and p-Cysteinesulfinic Acids 


Values in mg. per rat per 24 hours. 


._ |Cysteine- 
Compound fed sulfinic Taurine Cystine} SOu-S 
20 | 100 L-Cysteinesulfinice acid 0 0 8.05 | 0 2.61 | 13.77 
21 | 300 “ne i 0.39 | O 30.2 | 0.46 | 1.61 | 29.75 
22 100 p-Cysteinesulfinic  ‘* 2.96 | 8.65 | 2.82 | 0 1.68 | 15.7 
23 | 300 si " 10.13 | 40.56 | 17.60 | 0 0.41 | 14.65 

DISCUSSION 


The data presented in the present paper indicate that pb-cysteine is 
changed into sulfate to the same extent as the L isomer by the rat. This 
result suggests a species difference between the rat and the rabbit, the 
rabbit having been shown to excrete more inorganic sulfur after the feeding 
of L-cystine than of the p isomer (2). However, we have fed the reduced 
form, which is directly managed by the desulfhydrase, whereas in the 
experiments with the rabbit the disulfide form was administered. Although 
cystine may be reduced non-enzymatically in the animal body, specific 
enzymatic systems for its reduction have been described (15). The 
p-cysteine which is not converted into sulfate is largely excreted as cystine 
and is in part oxidized to cysteic acid. The minute amount of these 
compounds found in the urine prevented the study of their configuration, 
and they may be only presumed to be in the p form. 

As a result of these findings it may be concluded that in the rat there 
are two kinds of enzymatic systems involved in the breakdown of cysteine: 
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one group which shows a steric specificity and one which is devoid of it. 
Unspecific enzymes seem to be those involved in the conversion of cysteine 
into sulfate and those involved in the oxidation of the thiol group to the 
sulfonic level. Specific enzymes are those which convert cysteine or its 
oxidative products into hypotaurine and taurine. Actually, bacterial 
and liver cysteine desulfhydrase have been shown to be unspecific enzymes 
(16, 17), and this may explain the large conversion of p-cysteine into 
sulfate. A remote alternative may be the occurrence in the animal body 
of both a p- and an L-cysteine desulfhydrase, as suggested by Saz and 
Brownell for bacteria (18). 

The unspecific oxidation of the cysteine sulfur is emphasized by the 
results of the experiments with the p form of cysteinesulfinic acid and of 
cysteic acid. With these unnatural forms of cysteine metabolites it is 
also shown that the oxidation of the sulfinic group is not prevented by 
the spatial configuration of the a-carbon; indeed, the p form is more 
extensively oxidized to cysteic acid than the Lform. The result mentioned 
last may be due to the resistance of the p-cysteinesulfinic acid to attack 
by other specific enzymes and hence to the greater opportunity for the oxi- 
dation of the sulfinic group. The large excretion of unmodified cysteic 
acid, when the p form is fed, corroborates the postulation that, once pro- 
duced from p-cysteine, cysteic acid is not affected by other metabolic 
processes but is excreted as such. 

Scanty information is at hand on the metabolic reactions leading to the 
oxidation of a thiol or disulfide group to the sulfinic and sulfonic state. 
The finding that the oxidation of p-cysteine and p-cysteinesulfinic acid is 
independent of the configuration of the a-carbon suggests that this reaction 
could be either non-enzymatic or catalyzed by indirect processes of low 
specificity of the type of peroxidative oxidations. The large excretion of 
cysteic acid after feeding p-cysteinesulfinie acid warrants the hypothesis 
that cysteic acid excreted after feeding p-cysteine is produced by a stepwise 
oxidation of the sulfur moiety of this compound to the sulfinic and sulfonic 
level independent of the remainder of the molecule. 


The authors are deeply indebted to Professor V. du Vigneaud for advice 
and criticism. We wish to express our gratitude to the Rockefeller Founda- 
tion and to the Consiglio Nazionale delle Ricerche for financial help. 
The technical assistance of Dr. F. Trasarti and Mr. R. Scandurra is 
gratefully acknowledged. 


SUMMARY 


The stereoisomeric forms of cysteine, cysteinesulfinic acid, and cysteic 
acid have been fed to rats, and the urine has been analyzed for cystine, 
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hypotaurine, taurine, cysteinesulfinic acid, cysteic acid, and inorganic 
sulfate. 


When cysteine is fed, both isomers cause a large excretion of sulfate. 


The pb isomer also yields cystine and cysteic acid, but only the L isomer is 
converted into taurine and hypotaurine. 


Compared with the L form, p-cysteic acid does not cause a significant 


increase in taurine excretion; both isomers are largely excreted unmodified. 


L-Cysteinesulfinic acid yields a small amount of hypotaurine when 


fed in high dosage; both the p and L forms are converted into taurine and 
sulfate. The pb isomer is excreted unmodified and is oxidized to cysteic 


— 


id. 


A critical interpretation of these results is given. 
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SYNTHESIS OF 19-NORTESTOSTERONE ACETATE-4-C" AND 
178B-ESTRADIOL-4-C'* 


ISOLATION OF A HYDROXYLATED INTERMEDIATE OR SIDE PRODUCT 
IN THE CORYNEBACTERIUM SIMPLEX AROMATIZATION OF 
19-NORTESTOSTERONE ACKTATE-4-C™ 


By STANLEY KUSHINSKY 


(From the Department of Surgery, University of Southern California School of 
Medicine, Los Angeles, California) 


(Received for publication, May 20, 1957) 


Estrogens containing C" at the 16 position have been prepared (1) and 
utilized for metabolic studies (2). Certain difficulties, however, such as 
incomplete recovery of radioactivity from aqueous fractions (Beer and 
Gallagher (2) and Heard et al. (3)) have led to the suggestion that ring D 
may cleave with possible loss of radioactivity during exposure to various 
enzymatic systems or during the usual isolation techniques. The syn- 
thesis of 178-estradiol-4-C" (VIII) was undertaken to help test this hy- 
pothesis and provide a tool for further information on estrogen metabolism. 


EXPERIMENTAL 


Melting points are not corrected. Infrared spectra were recorded with 
a Perkin-Elmer model 13 spectrophotometer. Samples were dissolved in 
CS. or deposited as films on sodium chloride plates (4). Ultraviolet ab- 
sorption spectra were taken in methanol. Silica gel (Davison, 100 to 200 
mesh) and Celite 545 (Johns-Manville) were washed with methanol and 
dried at 140°. 

Ozonization of 19-Nortestosterone Acetate—A solution of 4.00 gm. of 
19-nortestosterone acetate in 100 ml. of ethyl acetate and 20 ml. of glacial 
acetic acid, maintained in a salt-ice bath, was ozonized (5) with 3 molar 
equivalents of ozone at a gas flow rate of 150 ml. per minute. The mixture 
was diluted with 8 ml. of water and digested overnight at room temper- 
ature with 1.6 ml. of-30 per cent hydrogen peroxide. The solution was 
then concentrated in vacuo to a small volume, diluted with 200 ml. of dis- 
tilled water, and extracted with four 150 ml. portions of ether. A solution 
of the keto acid from two such ozonizations in 600 ml. of ether was washed 
with two 50 ml. portions of distilled water. The chilled ether solution was 


* This investigation was supported by a research grant from the National Cancer 
Institute (No. C-2489-C), United States Public Health Service, and was presented 
at the 13Ist annual meeting of the American Chemical Society, Miami, Florida, 
April, 1957. 
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extracted with five 200 ml. portions of cold 2 per cent NaOH solution 
(acidified immediately after each extraction to pH 1 with 3 n HCl to 
prevent hydrolysis of the acetate). The keto acid acetate was extracted 
from the aqueous phase with four 250 ml. portions of methylene chloride, 
dried over anhydrous sodium sulfate, concentrated, and dried thoroughly. 
In an earlier ozonization, the crude keto acid was found to give satisfactory 
yields in the subsequent enol lactonization reaction. A twice recrystal- 
lized sample of 178-acetoxy-5-keto-3 ,5-seco-4-norestran-3-oic acid (III) 
melted at 123-124°, reported m.p. 113-115° (6). 

17B-Acetoxy-5-hydroxy-3 , 5-seco-4-nor-5(x)-estren-3-oic Acid 3,5-Lactone 
(Enol Lactone Acetate (I[VA))—A solution of the total crude keto acid 
acetate (III), dissolved in 100 ml. of acetic anhydride, was refluxed under 
Ne for 90 minutes. Sodium acetate (0.66 gm.) was added, and the refluxing 
was continued for another 3 hours. The solvent was removed in vacuo, 
and the enol lactone was separated from the sodium acetate by virtue of 
its solubility in ether-benzene. The semicrystalline residue was chroma- 
tographed on 60 gm. of silica gel, and the enol lactone was eluted with 
10 per cent ethyl acetate in benzene. Crystallization from ethyl acetate 
resulted in 1.13 gm., m.p. 121—125°, Amax 5.64, 5.74, 5.92 w (CS.); 1.55 
gm., m.p. 118-120°; and 0.93 gm. of lower melting material, reported 
m.p. 129-130° (6). The total yield of enol lactone was 47 per cent based 
on 19-nortestosterone acetate. All of the lower melting samples were 
recrystallized before use in the subsequent Grignard reaction. 

Methyl Grignard Reaction on Enol Lactone 17-Acetate (IVA)—Into a 
flask, cooled with liquid Ne, containing 58.0 mg. of chopped magnesium 
turnings (freshly activated with I,), 270.1 mg. of C'H;I (approximately 
2.0 me. per mmole) and 1 ml. of ether (from over CaH:) were distilled 
in vacuo from over P2O;. The frozen mixture was thawed and refluxed for 
1 hour. Another 4 ml. of ether were distilled in, the solution was refluxed 
for one-half hour, and an atmosphere of dry Ne was introduced. 

To a stirred solution of 606.8 mg. of enol lactone acetate (IVA) in 25 
ml. of ether and 25 ml. of benzene (solvents distilled in from over CaHs:) 
at 5°, the above Grignard solution was added dropwise by using two 5 ml. 
ether washes for the transfer. The stirring was continued for 1 hour and 
for another 5 minutes after the addition of 20 ml. of 3 per cent HCl. After 
separation of the two phases, the aqueous layer was extracted with 3 vol- 
umes of ether. The combined organic layer was washed with 15 ml. each 
of 0.5 N NaeS:O3, saturated NaHCOs;, and saturated NaCl. The gummy 
residue obtained after removal of the solvent was treated with 16 ml. of 
glacial HOAe and 1 ml. of concentrated HCl (at room temperature) under 
an atmosphere of N. for 36 hours. Removal of the HCl and HOAe at 
room temperature resulted in an amber residue which was chromatographed 
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on 30 gm. of silica gel. After the two preliminary fractions were eluted, 
a third fraction (246 mg.) was obtained; crystallization of this fraction 
gave 190 mg. (32 per cent) of 19-nortestosterone acetate-4-C™, m.p. 89-91°, 
2.0 me. per mmole (determined in the usual manner by dry combustion of 
a diluted sample). The next fraction which was eluted with 25 per cent 
ethyl acetate in benzene contained an acidic product which was probably 
the same keto acid acetate (III) obtained on ozonization of 19-nortes- 
tosterone acetate; it could have been formed by hydrolysis of the unchanged 
enol lactone during the treatment with acid. 


Microbiological Incubations 


The organism, Corynebacterium simplex (ATCC 6946), was grown in a 
buffered yeast extract medium (pH 7.0) consisting of the following materials: 
K»HPO,-3H20, 13.3 gm.; KH2PO,, 4.0 gm.; yeast extract, 1.0 gm.; dis- 
tilled water, 1000 ml. The stock culture medium consisted of a growth 
medium to which 2 per cent agar was added as a solidifying agent. Growth 
from the stock slant was transferred to 100 ml. of growth medium and 
incubated at 30° for 24 hours. 

For steroid conversion, 1 liter of growth medium in a 5 liter round bot- 
tomed flask was inoculated with a 1 or 2 per cent cell suspension from 2 
culture which had previously been passed through three serial transfers. 
The incubation was conducted at 28° with constant aeration through a 
tube constricted to about 3 mm., at a maximal rate permissible without 
splattering of the broth on the rubber stopper at the top (air was sterilized 
by passage through cotton, concentrated sulfuric acid, and sterile distilled 
water). After 24 hours of growth, the steroid, 250 mg. per liter of broth, 
dissolved in absolute methanol (not more than 1 ml. of MeOH per 100 
ml. of broth), was added dropwise, and the aeration was continued for the 
duration of the incubation. At the end of the incubation the steroid was 
extracted with three 1 liter portions of methylene chloride. 

250 mg. of 19-nortestosterone (I) were incubated for 5 hours according 
to the above procedure. The resultant extract contained a mixture which 
Was separated by partition chromatography on Celite 545 (solvent system, 
70 per cent aqueous methanol and various mixtures of n-hexane-benzene). 
Crystallization of the residue from the 10 per cent benzene fractions gave 
3.5 mg. (2 per cent) of a substance, m.p. 170—-173°, whose infrared absorp- 
tion spectrum (CS.) showed maxima at 5.77 uw (pentacyclic ketone) and 
5.97 w (conjugated ketone), but none due to a hydroxyl group. These 
facts are consistent with the assignment of its structure as 19-nor-A‘- 
androstene-3 ,17-dione (XV), reported m.p. 170—-171° (7); the parent 
compound with the 17-hydroxyl was oxidized to a ketone. Crystallization 
of the residue from the 20 per cent benzene fractions gave 33.2 mg. (22 per 
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cent) of a substance, m.p. 258-262°, whose infrared spectrum (CS2) was 
found to be identical with that of authentic estrone (XIV). Crystalliza- 
tion of the residue from the 50 per cent benzene fractions gave 80.5 mg. 
(52 per cent) of a substance (XII), m.p. 174-180°, whose infrared spectrum 
(after acetylation to increase its solubility in CS.) was found to be identical 
with that of authentic estradiol diacetate (prepared from estradiol). 

250 mg. of 19-nortestosterone acetate were incubated as above except 
that a 24 hour incubation period was used. Direct crystallization of the 
residue of the extract gave a 77 per cent yield of estradiol-178 monoacetate, 
m.p. 218-222° (reported (8) m.p. 217—219°). Incubation of 74.6 mg. and 
74.7 mg. of 19-nortestosterone acetate and 19-nortestosterone acetate-4- 
C', respectively, in 500 ml. of broth with a 2 per cent cell suspension gave 
77 and 79 per cent yields of estradiol-178 monoacetate and estradiol-178 
monoacetate-4-C", respectively. The over-all yield of estradiol-178 mono- 
acetate-4-C' was 28 per cent (based on the C' used). A sample of 
estradiol-178 monoacetate-4-C' (9.6 mg.) was hydrolyzed (9) with KHCO; 
and resulted in a 98 per cent yield of estradiol-4-C' (6.9 mg., m.p. 178- 
179°, and 1.3 mg., m.p. 176-178°). The infrared spectrum of the estradiol- 
4-C'* was identical with that of authentic estradiol (m.p. 178-179°), Amax 
280 mu, log « 3.27 (+10 per cent) (reported (10) log ¢ 3.31). Incubation 
of 19-nortestosterone acetate for only 5 hours resulted in a mixture con- 
taining estradiol-178 monoacetate (approximately 25 per cent) and starting 
material. 

Another portion of 19-nortestosterone acetate-4-C", 106 mg., was 
incubated in 500 ml. of broth. The residue of the methylene chloride 
extract was chromatographed on Celite 545 as described above. 

Crystallization of the residue from the hexane fractions gave 26 mg. 
(25 per cent) of a substance (X) which on recrystallization melted at 149- 
151° and possessed a maximum in the ultraviolet region at 235 my. The 
infrared spectrum (film) of this substance showed maxima at 2.96 yw (hy- 
droxyl), at 5.75 and 8.03 uw (acetate), and at 6.00 and 6.18 uw (conjugated 
ketone). Mild acetylation of X resulted in a product (XI) whose infrared 
spectrum no longer showed free hydroxyl but still showed maxima at 5.76, 
8.04, and 8.28 uw (acetate) and at 5.99 and 6.18 uw (conjugated ketone). 
Hydrolysis of 10 mg. of X with KHCO; as described above resulted in an 
amber residue which did not crystallize readily. The total residue was 
therefore chromatographed on 2 gm. of silica gel. Crystallization of the 
fraction eluted with 10 per cent ethyl acetate in benzene, total residue 4.8 
mg., gave 3.5 mg. (41 per cent) of estradiol-4-C™, m.p. 180-182°. After 
evaporation of the solvent from the mother liquor, the product was erystal- 
line. 

Crystallization of the residue from the 25 per cent benzene in the hexane 
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fractions, total residue 76 mg., gave 62 mg. of 17@-estradiol-4-C™ 17-mono- 
acetate (59 per cent). 


DISCUSSION 


The most attractive approach toward preparing estradiol-4-C' appeared 
to be via the intermediate 19-nortestosterone-4-C% (V). Methods for 
introducing C™ at the 4 position of related A‘-3-ketosteroids had been 
described previously (5, 11), and there was no apparent reason to expect 
significant differences in the analogous 19-nor series. 

Two methods were considered for the aromatization of 19-nortestos- 
terone-4-C™ to 178-estradiol-4-C"“. The first method was the bromina- 
tion, dehydrobromination, pyrolysis sequence (8, 12) utilized for aromatiza- 
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tion of the corresponding series with a methyl group at C-10 and utilized 
more recently (6) with 19-nortestosterone. The second method considered, 
and eventually selected, was a microbiological synthesis (13) with C. 
simplex, used so successfully in the dehydrogenation of the A‘-3-keto forms 
to the corresponding A'-4-diene-3-keto structures in the pregnane series.! 
(See the accompanying scheme.) 

Ozonization of 19-nortestosterone acetate (II) yielded keto acid (III) 
which was then converted to enol lactone IVA, m.p. 121—125°, with acetic 


1 Treatment of a sample of 19-nortestosterone acetate with SeOz (14) in tert-bu- 
tanol and HOA¢e resulted in the isolation of a 15 per cent yield of estradiol-178 mono- 
acetate. This represents only a single experiment, and the yield could undoubtedly 
be improved with a modification of the conditions. Nevertheless, the method was 
not investigated further in view of the apparent superiority of the microbiological 
procedure. Another method of introducing unsaturation at the 1,2 position of corti- 
costeroids with chloranil was recently published (15). This method may also be 
very successful in aromatizing 19-nortestosterone. 
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anhydride and sodium acetate. When the crude keto acid was refluxed } 


with acetic anhydride and acetyl chloride according to the method used 
by Turner (5) to prepare the enol lactones of testosterone and cholestenone, 
a crystalline substance (IVB), m.p. 138-141°, Amax 5.64, 5.74, and 5.92 y 
(C82), was obtained in about 35 per cent yield (based on 19-nortestosterone 
acetate). Whereas the maximum at 5.92 uw (enolic double bond) of IVA 


was about one-half the intensity of that at 5.74 u (acetate carbonyl), the | 


intensity of the corresponding maximum at 5.92 uw of the higher melting 
form (IVB) was only about one-fourth of that at 5.74 u. Hartman et al. 
(6) have ozonized II and obtained from the resulting keto acid two sub- 
stances whose melting ranges correspond to those found in the present 
work. No maximum was found at 5.92 u for the higher melting form, but 


the product was not chromatographed and the maximum may have been | 
masked by impurities.2, They have, nevertheless, tentatively assigned the | 
double bond of the lower melting form to the 5,6 position on the basis of | 


molecular rotation and relative intensities of infrared absorption maxima. 


The presence of a small maximum at 5.92 yu in the spectrum of IVB does | 
not appreciably alter the evidence in favor of this tentative structural | 
assignment. In general, the infrared spectra of IVA and IVB were found | 


to be very similar. Differences worthy of note are that IVB showed 
maxima at 8.18, 8.27, and 9.56 uw, and IVA showed maxima at 8.33 and 


8.43 » and a shoulder near 9.53 uw. The spectrum of the corresponding | 


enol lactone 17-acetate (XVI) prepared from testosterone acetate showed 
maxima at 5.68, 5.73, and 5.93 wu. The maximum at 5.93 » was about one- 
half the intensity of that at 5.73 u. 

The nuclear magnetic resonance spectra of IVA, IVB, and XVI sayin 
the conclusion that IVA possesses the structure with the double bond in 
the 5,6 position. Comparison of the area under the maxima at 52 cycles 
per second in IVA (proton is attached to a doubly bonded carbon) relative 
to the resonance frequency of benzene, by using the area at 76 cycles per 
second (proton on the same carbon as acetate) as a common point of 
reference, permits the conclusion that IVA has as many double bonds in 
the 5,6 position as XVI. (The pertinent curves have been reproduced in 
a bulletin (16).) The double bond in XVI must be located at 5,6 because 
of the angular methyl group at C-10. The spectrum of IVB showed only 
a trace of double bond character at the 5,6 position. The areas under 
the curves at 52 cycles per second were only about half of what would be 
expected for both IVA and XVI. The reason for this discrepancy is not 
yet known. 

Reaction of IVA with an equimolar amount of C'H;MglI, followed by 


* The higher melting isomer was also reported to result in poorer yields in the 
Grignard reaction. 
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treatment of the crude Grignard reaction product with acid, resulted in 
the isolation of a 32 per cent yield of 19-nortestosterone acetate-4-C™. 
Incubation of the mother liquor of the above product with C. simplex 
resulted in the isolation of 16 mg. of 178-estradiol-4-C' 17-monoacetate. 
Correcting the yield of 19-nortestosterone acetate-4-C™ in the Grignard 
reaction to include this additional product raises the yield from 32 to 35 
per cent (on the assumption that 19-nortestosterone acetate was a pre- 
cursor to estradiol monoacetate). In one pilot reaction part of the Gri- 
gnard addition product was divided into two aliquots for comparison of 
alkali and acid catalysis in the reconstitution of the a,8-unsaturated 
ketone. The results were for acid, 48 per cent, alkali, 40 per cent. In 
subsequent reactions the acid treatment was used in preference to the 
alkali treatment. The former treatment resulted in an intact acetate 
group at the 17 position compared with a free alcohol with the alkali 
treatment and facilitated the second part of the synthesis which was 
performed on the acetate. In early pilot runs with the alkali treatment, 
considerable variation in yield was found according to the minor modifi- 
cations in alkali conditions. 

The first microbiological synthesis with C. simplex was performed on 
19-nortestosterone (I) and resulted in a mixture of estradiol-178 (XII), 
estrone (XIV), and 19-nor-A‘-androstene-3 ,17-dione (XV).* Since the 
bacteria are capable of oxidizing the 17-hydroxyl to a ketone, subsequent 
incubations were done with 19-nortestosterone acetate, which did not 
hydrolyze to the free compound, and resulted in the isolation of estradiol- 
178 monoacetate. Hydrolysis and further acetylation of the latter 
resulted in samples whose infrared spectra were identical with those of 
authentic estradiol and estradiol diacetate, respectively. 

The yield of estradiol-4-C™ 178-monoacetate in the first incubation of 
19-nortestosterone acetate-4-C" with C. simplex was 79 per cent. The 
second incubation of 19-nortestosterone acetate-4-C" with C. simplex 
resulted in the isolation of a 59 per cent yield of crystalline 178-estradiol- 
4-C™ 17-monoacetate. From the earlier chromatographic fractions, how- 
ever, was obtained a 25 per cent yield of a crystalline substance, X, m.p. 
149-151°, Amax 235 my. The infrared spectrum (film) of this substance 
showed maxima at 2.96 uw (hydroxyl); 5.75 and 8.03 u (acetate); 6.00 and 
6.18 uw (conjugated ketone). Further acetylation of this substance yielded 


3 Dr. H. Herzog (Schering) informed the author at the 131st meeting of the Ameri- 
ean Chemical Society (Miami, 1957) that he had reported (Gordon Research Con- 
ference, New Hampshire, 1954, unpublished) the oxidation of the 17-hydroxy] group 
of several steroids to a ketone with C. simplex. He did not, however, find evidence 
for this reaction in the case of 19-nortestosterone. A possible explanation is the use 
of forced aeration in the present work compared with shake flasks used by Dr. Her- 
z0g. 
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a sample (XI) whose infrared spectrum (film) no longer showed free hy- 
droxyl, but still showed absorption maxima at 5.76, 8.04, and 8.29 yu 
(acetate) and at 5.99 and 6.18 uw (conjugated ketone). In order to learn 
more about the nature of the hydroxylation which had occurred, a sample 
of X was hydrolyzed with KHCO; (9). From the reaction mixture, fol- 
lowing chromatography on Celite 545, 178-estradiol-4-C™ was isolated in 
50 per cent yield. The infrared spectrum of the isolated sample was 
identical with that of authentic estradiol. Apparently the first step in the 
aromatization is hydroxylation at either the 1 or 2 position. In either 
case, relatively mild conditions would be expected to effect dehydration 
to the aromatic structure. The particularly mild conditions (KHCQO;) 
used in hydrolysis of the acetate at the 17 position favor tentative assign- 
ment of the hydroxy] to the 1 position, which is 8 to the ketone at the 3 
position. The possibility of hydroxylation at the 10 position is eliminated 
in view of the ease with which acetylation occurs and would not be expected 
on the basis of C. simplex dehydrogenation of other compounds with a 
methyl group at the 10 position. Examination of the mother liquors 
from several of the pilot runs, with ultraviolet absorption spectra as a 
criterion, suggested the presence of small and varying amounts of the 
hydroxylated 19-nortestosterone acetate. No explanation is offered as 
to why the unusually large amount of X was formed in one of the ineuba- 
tions with 19-nortestosterone acetate-4-C™. However, the isolation of X, 
which may be an intermediate in the aromatization, does not detract from 
the usefulness of C. stmplex as a synthetic scheme by virtue of the facile 
conversion of the monohydroxylated derivative to estradiol during hy- 
drolysis of the acetate at C-17. 


SUMMARY 


Ozonization of 19-nortestosterone acetate yielded a keto acid which 
was cyclized to its corresponding enol lactone. The structure of the latter, 
as well as that of an isomer, was proved by using nuclear magnetic reso- 
nance spectra. Reaction of the enol lactone with C“H;MgI and then 
acid resulted in 19-nortestosterone acetate-4-C' (32 to 35 per cent based 
on Aromatization of 19-nortestosterone acetate-4-C'™ was ac- 
complished in yields as high as 79 per cent with Corynebacterium simplex. 
Incubation of the free 19-nortestosterone with C. simplex resulted in a 
mixture of estrone, estradiol, and a trace of 19-nor-A‘t-androstene-3 , 17- 
dione. In one of the incubations of 19-nortestosterone acetate-4-C"™ 
with C. simplex, the products isolated were 178-estradiol-4-C' 17-mono- 
acetate (59 per cent) and 1- or 2-hydroxy-19-nortestosterone acetate-4-C" 
(25 per cent). The latter aromatized readily during hydrolysis of the 
acetate at C-17 and may be an intermediate in the C, simplex dehydro- 
genation. 
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ON THE NEW HEME PROTEIN OF FACULTATIVE 
PHOTOHETEROTROPHS* 


By ROBERT G. BARTSCHff anp MARTIN D. KAMEN?{ 


(From the Edward Mallinckrodt Institute of Radiology, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, June 24, 1957) 


Vernon and Kamen (1, 2) demonstrated the existence of a new type of 
heme protein in TCA! extracts prepared from cell suspensions of the 
facultative photoheterotrophs, Rhodospirillum rubrum and Rhodopseudo- 
monas spheroides. They noted that this new heme protein presented an 
anomaly in exhibiting spectrochemical properties of a myoglobin-like 
protein on the one hand and the thermal stability and hemochromogen 
reactions of a cytochrome c on the other. They also showed that the 
purified protein could be reduced by mammalian, DPNH-linked, cyto- 
chrome c reductase as prepared by Mahler et al. (3). This property, 
together with its autoxidizability and reactivity with carbon monoxide, 
suggested that it might function as a terminal oxidase. 

Hill and Kamen? confirmed and extended these observations and ascribed 
to the new protein a structure in which the prosthetic heme group was 
bound by thio ether linkages to alkyl side chains as in cytochrome c, 
although possessing a free or loose linkage at the central iron as in myo- 
globin. They also showed that it had the peculiar property of reversibly 
binding only carbon monoxide and not at all any of the other usually effec- 
tive reagents, such as azide, cyanide, hydrosulfide, oxygen, 4-methylimida- 
zole, etc. They proposed that the new protein be called “RHP” (abbrevia- 
tion for Rhodospirillum, or Rhodopseudomonas, heme protein). This name 
will be used in the present paper, although it appears that similar proteins 
exist in a number of bacterial species other than the facultative photo- 
heterotrophs (1, 2, 4). 

In none of the researches described was it possible to work with prepara- 


* This work was supported by grants from the Charles F. Kettering Foundation, 
the National Science Foundation, and the Linde Air Products Company. One of 
us (M. D. K.) gratefully acknowledges tenure of a fellowship awarded by the John 
Simon Guggenheim Memorial Foundation during 1956. 

t Research Associate, Linde Air Products Company. 

t Present address, Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. 

1 The following abbreviations are used throughout: TCA, trichloroacetic acid; 
DPN, DPNH, oxidized and reduced diphosphopyridine nucleotide; Tris, tris(hy- 
droxymethyl)aminomethane. 

2 R. Hill and M. D. Kamen, unpublished observations. See also footnote 8. 
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tions completely free from traces of the bacterial cytochrome c, nor could 
the purity of the samples used be determined precisely. Recently, we have 
developed new methods of extraction and purification. These, together 
with large scale production of R. rubrum, have made available sufficient 
crude proteins (approximately 250 to 500 mg.) so that highly purified 
samples, electrophoretically homogeneous and free from cytochrome c, 
could be obtained in amounts up to 50 mg. With this material we have 
investigated in more detail some of the important physicochemical proper- 
ties of RHP. 


Methods 


Bacterial Culture—-The medium? used for the photoheterotrophic growth 
of R. rubrum contained the following: malic acid 2.7 gm., L-glutamic acid 
1.0 gm., sodium acetate-3H.O 1.0 gm., ammonium sulfate 1.0 gm., dipo- 
tassium phosphate 3.5 gm., magnesium chloride-7H2O 0.2 gm., calcium 
chloride 0.05 gm., nicotinic acid 1 mg., thiamine: HCl 0.5 mg., biotin 0.01 
mg., neutral red indicator 0.1 mg., metal solution’ 0.25 ml., tap water 
1000 ml. 

The acidic medium contained in Pyrex bottles (9 to 20 liter capacity) 
was autoclaved, cooled, and neutralized to neutral red end point by the 
addition of sterile 4 Mm sodium hydroxide solution, of which approximately 
12 ml. per liter were required. Approximately 10 per cent (v/v) inoculum 
of a 24 to 48 hour-old culture was then added and any remaining space in 
the bottles was filled with sterile tap water. The culture bottles were 
finally sealed with rubber stoppers which were tied in place with strips of 
cloth. 

The cultures were illuminated by a bank of 200 watt incandescent lamps 
which provided about 300 foot candles at the nearest surface of the culture 
bottles. Electric fans were used for cooling. After 7 to 10 days of in- 
cubation in the light, the bacteria were collected by centrifugation in a 
Sharples supercentrifuge. The cell mass was frozen and stored at —15°. 
After sufficient material was collected, it was thawed, suspended in an 
equal volume of water to make a thick cream, distributed into flasks, 
frozen, and dried by lyophilization. The dried bacterial mass was then 
fragmented into a powder with the aid of a high speed blender and the 
powder was stored at room temperature in tightly covered polyethylene 
containers. Usually 200 to 300 liters of culture were grown at one time 


3The procedure used is essentially the same as one suggested to us by Dr. R. Y. 
Stanier. 

‘The metal stock solution contained per liter of final volume the following: di- 
sodium ethylenediaminetetraacetate (25 gm.), ZnSO,-7H.2O (21 gm.), FeSO,-7H20 
(28 gm.), MnSO,-1H2O (3 gm.), CuSO,-5H2O0 (0.8 gm.), Co(NO;)2:6H20O (0.5 gm.), 
Na2B,O;7-10H2O (0.34 gm.), (0.4 gm.). 
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and from these mass cultures about 1 gm. of dry bacteria per liter of culture 
medium was routinely obtained. 

Physical Measurements’—The sedimentation velocity constant s was 
determined in the Spinco analytical centrifuge with the procedure and 
calibrations described by Taylor (5). A synthetic boundary cell was used. 
The diffusion constant D was measured in a Klett electrophoresis apparatus 
by the procedure of Taylor and Lowry (6). All measurements of s and D 
were corrected for temperature and viscosity of medium (6) to give 820, 
and Deo.w. The partial specific volume was found by a modification (6) 
of the original gradient tube procedure (7). 

Electrometric titrations were performed by using the ferric-ferrous 
oxalate system, as described in the literature (8, 9). 

The iron content of the protein was determined with 1,10-phenanthroline 
after wet ashing with nitric acid as described by Sandell (10). The well 
known procedure based on wet ashing with alkaline hydrogen peroxide (11) 
did not appear to be applicable to RHP. The reason for this is not known. 

Spectra were obtained with either the Beckman DU spectrophotometer 
or the Cary spectrophotometers, model 11 or 14. All spectra shown in 
this report were recorded with model 14. 


Isolation and Purification Procedures 
General Remarks 


The original method involving the classical Keilin-Hartree extraction 
with warm TCA of washed tissue was employed in early studies (1) before 
the existence of RHP was suspected and when a rapid extraction of cyto- 
chrome c only was desired. It was known, however, that TCA extraction 
was characterized by frequent low yields and excessive denaturation 
of both cytochrome c and RHP. Hence, it was quickly abandoned in 
favor of less drastic procedures, such as sonic disintegration combined 
with phosphate extraction in the cold, cold extraction of acetone powders 
with various buffers, mechanical disruption with blenders, etc. In all 
these procedures, RHP invariably was found associated with the bacterial 
cytochrome c in the soluble phase. 3 

Further experience showed that, while the two heme proteins differed 
appreciably in electrophoretic and solubility characteristics, their separa- 
tion from each other on a bulk scale was tedious. Hence, there appeared 
to be considerable advantage accruing to methods by which one or the 


5 We are indebted to Miss Carmelita Lowry, Department of Biochemistry, Wash- 
ington University School of Medicine, for performing experiments on the electro- 
phoretic, sedimentation, and diffusion properties of RHP. A Cary spectrophotom- 
eter, model 11, in the Department of Chemistry, was made available by Professor 
S.I. Weissman. A Cary spectrophotometer, model 14, in the Department of Micro- 
biology, was placed at our disposal by Professor Arthur Kornberg. 


Id 
ve 

er 
nt 

d 

C, 

h 
d 

or 

) 

n 

f 

a 

| 


44 NEW HEME PROTEIN 


other was extracted preferentially so as to yield material enriched in RHP 
relative to cytochrome c. The simplest procedure was found to be pre- 
liminary, exhaustive, cold extraction of the lyophilized bacterial powder 
at pH 4.0, a method employed frequently (12) for extraction of cytochrome 
from mammalian tissues. This procedure removed practically all of the 
cytochrome c, leaving RHP quantitatively in the residue.® 

Although several procedures could be used for the extraction of RHP 
from the residual powder, the simplest one appeared to be incubation in a 
minimal volume of 1 per cent citric acid at 50° for 10 minutes, followed by 
cooling to room temperature, neutralization, and recovery of the liquid 
phase. Other extraction procedures at low temperatures, while more 
tedious, gave neither better yields nor preparations differing in degree of 
denaturation or other detectable properties from those obtained with warm 
citric acid. The use of this reagent was suggested by a number of successes 
attending its use, in place of TCA, in the isolation of cytochrome c from 
bacterial sources (13, 14). 

Notwithstanding many attempts, it was not found possible to arrive at a 
precise procedure for isolation and purification of RHP. Many factors 
difficult to control appeared to affect ultimate recoveries, notably the 
previous history of the cultures, delays in procedure schedule occasioned 
by the need to accumulate material, etc. Once a certain degree of purity 
was achieved, it appeared that any of a number of procedures was effective 
in arriving at comparable degrees of purity and yield. With the exceptions 
as noted, the procedure given in the next section was found to be quite 
reproducible when adhered to. ’ 


Extraction and Purification of RHP 


Procedure for RHP Optical Assay—The concentration of RHP in test 
solutions was monitored by measuring the reduced Soret absorption at 
424 my for which e (mg. per ml.) = 4. Because the reduced Soret ab- 
sorption of the bacterial cytochrome c had its maximum at 415 muy, and 
could contribute to light absorption at 424 my, this practice could be 
misleading when a crude preparation containing the cytochrome was 
examined. Hence, the ratio between optical densities at 415 and 424 
my was used as a rough qualitative index for cytochrome c contamination 
of RHP, Ras;424 for the purest preparation being 0.84. The optical density 
ratio at 275 muy (oxidized) to 424 my (reduced) (Fo75/424) was used as a 
qualitative index of RHP purity. This ratio varied from more than 30 
in certain crude extracts to 0.274 in the purest preparations reported here. 


6 One of us (M. D. K.) is indebted to Professor H. Theorell, whose hospitality and 
cooperation made possible researches sponsored by the John Simon Guggenheim 
Memorial Foundation during the course of which these observations were first noted. 
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In crude preparations both protein and nucleic acid contributed to the 
light absorption at 275 my; in purified RHP protein absorption was maxi- 
mal at 275 my (see the spectral data below). 

When Ro75/424 Was less than 0.3, the preparation appeared homogeneous 
upon electrophoresis at pH values from 5.8 to 7.8. No visible additional 
peaks could be seen unless the value of R275/424 was >0.33, when a very small 
colorless component, migrating anodically and at a speed much less 
than the main RHP peak, appeared. This peak was less than 2 per cent 
of the total protein present as estimated by the relative areas of the peak 
patterns. It could be concluded that RHP with an Ro7s5/424 less than 0.3 
possessed a spectroscopic purity greater than 98 per cent. Crude prepara- 
tions of RHP (Roe75/44 greater than 2) usually showed at least one, and 
more often several, colorless components equal to, or greater in amount 
than, the RHP component and migrating faster anodically. These im- 
purities could be correlated spectroscopically with nucleic acid-containing 
proteins or peptides or nucleic acid fragments. The small amount of 
residual protein contaminant remaining after removal of nucleic acid 
(Ros /428 = 0.33 to 0.6) was spectroscopically identical with RHP protein 
and may have been denatured RHP. 

Extraction of RH P—Proportions for the complete procedure are described 
in terms of 100 gm. of starting bacterial powder. 

100 gm. of dry R. rubrum were suspended in 1.5 liters of cold water and 
the pH was adjusted to 4 by the addition of 1 m sulfuric acid. The sus- 
pension was then stirred in the cold, the pH being checked occasionally 
and adjusted to 4 as necessary. After 1 hour the suspension was centri- 
fuged, the supernatant solution containing mostly cytochrome c was set 
aside, and the residue was resuspended in | liter of cold water. The pH 
was again adjusted to 4; the suspension was stirred for 1 hour and centri- 
fuged. The two supernatant solutions were combined and neutralized 
with 6 N sodium hydroxide and the flocculent precipitate which formed 
was centrifuged. If the second extract contained more than one-tenth 
as much cytochrome c as the first extract, the residue was washed again 
with 1 liter of water at pH 4 and this supernatant solution was discarded. 

The residue from the cytochrome c extraction was suspended in 1 liter 
of 1 per cent (w/v) citric acid solution; the suspension was heated rapidly 
to 50-60° and then maintained at this temperature for 10 minutes. The 
suspension was then rapidly cooled to room temperature and the pH was 
adjusted to 7 by the addition of 6 N sodium hydroxide. After the prepara- 
tion had stood in the cold (5°) overnight, the solids were centrifuged at 
20,000 X g for 30 minutes in the Lourdes large capacity centrifuge. The 
nearly clear yellow-brown supernatant solution was set aside. The 
gummy dark brown residue was resuspended in 500 ml. of 10 per cent 
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(w/v) ammonium sulfate solution and stirred for 1 hour and the suspension 
was centrifuged. A clear extract was obtained only with prolonged cen- 
trifugation if the salt was omitted from the wash solution. The initial 
extract was combined with this second yellow-brown supernatant solution 
which contained about one-tenth as much RHP as the first. The solid 
residue was discarded. | 

For each 100 ml. of combined crude RHP extract, 20 gm. of solid am- 
monium sulfate were stirred into solution and the suspension was stirred in 
the cold for 1 hour. The precipitate (P-1) was centrifuged and then dis- 
solved in a minimal amount of mM/15 phosphate buffer, pH 7, and the 
solution was dialyzed free of salt and lyophilized. 

To the supernatant solution were added 40 gm. of solid ammonium sul- 
fate for each initial 100 ml. of extract and the suspension was left overnight 
in the cold. The crude RHP precipitate (P-2) was centrifuged, dissolved 
in M/15 phosphate, pH 7, dialyzed, and lyophilized. The supernatant 
solution contained a small amount of cytochrome c which was readily 
precipitated when one-tenth volume of cold 10 per cent (w/v) TCA was 
added. This precipitate was added to the crude cytochrome c obtained 
above. 

Isoelectric Precipitation and Extraction of RHP—The crude dry RHP 
(P-2) was dissolved in 20 ml. of cold water for each gm. of powder to give 
a clear brown solution. To this solution 1 M citric acid was added to reduce 
the pH from an initial value of approximately 6 to about 5, at which pH 
the first trace of precipitate appeared. This reddish brown precipitate 
which contained traces of bacterial pigments such as carotenoids .was 
centrifuged and discarded. The clear supernatant solution was adjusted 
to pH 4.6 by the further addition of 1 Mm citric acid, the suspension was 
stirred for 1 hour in the cold, and then the relatively small gray-brown 
precipitate was centrifuged. This precipitate (P-3) was taken up in 0.1 
M citrate-Tris buffer, pH 5.0, and the solution was clarified by centrifuga- 
tion and set aside. The residue which contained some crude RHP was 
dissolved in M/15 phosphate, pH 7, dialyzed, lyophilized, and set aside to 
be reworked with a later batch of crude starting material. 

The pH of the supernatant solution from the precipitation at pH 4.6 
was adjusted to pH 3.6 and the suspension was stirred for 1 hour in the 
cold. The precipitate (P-4) was centrifuged. The precipitate was washed 
twice to remove soluble nucleic acid-containing material by suspending 
it as well as possible in cold 0.1 M citrate-Tris buffer, pH 3.6, equal to one- 
half the volume of the first supernatant solution of pH 3.6, stirring in the 
cold for 20 minutes, and then centrifuging. The two wash solutions were 
added to the supernatant solution at pH 3.6 and the small amount of heme 
compounds present was precipitated by the addition of 60 gm, of solid 
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ammonium sulfate for each 100 ml. of solution. The precipitate was 
centrifuged, dissolved in M/15 phosphate, pH 7, dialyzed, lyophilized, and 
set aside to be reworked as crude RHP. 

The washed RHP precipitate (P-4) was washed successively with 0.1 M 
citrate-Tris buffer of pH 3.8, 4.0, 4.25, 4.5, 4.75, and 5.0. At each step 
the supernatant wash solutions were checked for RHP concentration and 
relative purity. Any step that appeared to aid the purification was re- 
peated until it was obvious that further repetition was valueless. At the 
lower pH values, nucleic acid was usually dissolved preferentially and the 
reverse held above pH 4. However, this finding was not invariably the 
case. In different preparations the best RHP fraction appeared be- 
tween pH 3.5 and pH 4.75. Finally, the residue was suspended in water, 
neutralized by the addition of m Tris, clarified by centrifugation, dialyzed, 
lyophilized, and set aside to be reprocessed as crude RHP. 

Supernatant wash solutions of comparable purity were combined and the 
RHP was precipitated by the addition of M citric acid to adjust the pH to 
3.5. Each precipitate was dissolved in 0.1 M citrate-Tris, pH 5.0, dialyzed, 
and lyophilized. 

It was noted that the cytochrome c initially present in the crude RHP 
tended to concentrate in the precipitates which were insoluble at pH 5.0. 
After repetition of the precipitation and extraction process, the RHP was 
free of any spectroscopically detectable contamination by the cytochrome 
c. By repeating the isoelectric precipitation and extraction process once 
or twice on a given preparation, and by reworking the various tailing frac- 
tions, several hundred mg. of the purest material reported here were pre- 
pared. Best results were obtained when the RHP from the first precipita- 
tion-extraction step was stored for several weeks in the cold, either in 
solution or as a dried powder, before the process was repeated. Apparently 
the nucleic acid-like material that was the chief contaminant at that 
stage was degraded to such an extent as to become soluble at pH 3.6 to 4. 

Purified RHP was ordinarily stored in the cold, preferably at —15°, 
although no spectroscopic change was noted in dry material stored at 
room temperature for as long as 30 days. In Table I are given results 
selected from typical runs. 

Alternative procedures in which are employed either continuous paper 
electrophoresis, batch paper electrophoresis, or percolation through 
carboxymethylcellulose columns have been examined.’ All of these 
methods have effected good purifications of RHP. Continuous paper 


7 We are indebted to Dr. G. Zweig of the Charles F. Kettering Foundation, Yellow 
Springs, Ohio, for his cooperation in testing various continuous electrophoresis 
procedures using facilities at the Kettering Foundation laboratories, kindly made 
available to us by Dr. H. A. Tanner. 
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electrophoresis at pH 7 has appeared well suited to the processing of crude 
RHP, especially in regard to removal of cytochrome c contamination. 
To bring samples of intermediate purity to a degree of purity shown in 
Step 5 the isoelectric extraction procedure is most convenient. Purifica- 
tion beyond Step 5 is readily achieved invariably by paper electrophoresis 
at pH 7. 

It is conceivable that enzymic degradation of nucleic acid could be 
combined with the precipitation and extraction steps to effect savings in 


TaBLE 
RHP Extraction and Purification* 
Fraction R276 /260 / 424 Rais/424 t 
Extraction of cytochrome c and RHP 
mg. mg 
1 Cytochrome c 1.17 1.23 1.55 1050 256 
2 RHP (P-1) 0.89 5.9 1.02 567 27 
3 0.57 | 25.5 0.98 2660 190 
Purification of RHP (P-2) 
mg 
4 | Combined pH 4.25, 4.5, 4.75 | 0.75 3.6 0.92 438 141 
washings 
5 | Combined pH 4.25, 4.5, 4.75 | 0.75 1.9 0.87 161 96 
washings (from Step 4) 3 


* Based on 100 gm. of starting R. rubrum powder. 

tT Based on Soret absorption peaks; e (mg. per ml.) = 4.0 for RHP; and mg. per 
ml. = 10.9 for cytochrome c (calculated from ¢« (micromoles per ml.) = 142 (Paléus 
and Neilands (15)). 


time and total number of operations, but this possibility remains to be 
investigated. 


Results 


General Physical and Chemical Properties of RHP®—RHP is soluble in 
water or buffers above pH 5. Below pH 5 it exhibits minimal solubility, 
in accord with its isoelectric point which lies close to this pH (see below). 
It possesses a thermal stability much like that of bacterial cytochrome c. 
Thus, it can be boiled for 1 to 2 minutes at 100° with little irreversible 


8 Many of the observations described in this section were made originally in pre- 
viously published researches (1, 2), or in unpublished observations by R. Hill and 
M. D. Kamen, and confirmed in the present studies. 
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denaturation. Heating for 10 to 15 minutes at 50—60° in 1 per cent citric 
acid is without effect. However, prolonged boiling at neutral pH will 
result in irreversible denaturation, as evidenced by a typical acid hematin 
spectrum with absorption maxima at 400 and 530 mu. 

RHP is stable in the cold in the range pH 2 to 11. RHP at pH > 11 
appears to undergo a transition to a reversibly denatured form which upon 
reduction exhibits a hemochromogen spectrum which is identical with that 
of the bacterial cytochrome c at neutral pH (see below). The oxidized 
form is spectroscopically similar to that of an alkali hematin, with absorp- 
tion maxima at approximately 415 my and approximately 540 mu. When 
the pH is brought back to 7, RHP reappears in its original spectral form. 
Treatment with glacial acetic acid results in a compound with a spectrum 
like that obtained by prolonged boiling. 

RHP can be oxidized and reduced reversibly with reagents commonly 
employed for this purpose in chemical manipulation of hematin compounds. 
It is reduced completely at neutral pH by hydrogen-palladium, ferrous 
oxalate, dithionite, and hydrogen sulfide. Reduction by ascorbate is 
incomplete even when the ascorbate is present in 100-fold molar excess. 
RHP is reduced enzymically by DPNH when incubated with the mam- 
malian DPN H-linked cytochrome c reductase (1) but not by DPNH alone. 
The specific cytochrome bs reductase of liver microsomes (16) fails to 
catalyze reduction with DPNH.?® 

RHP was found to be rapidly autoxidizable. No precise determination 
of the oxidation kinetics was attempted, but a semiquantitative estimate 
was made on the basis of the following observations. RHP (18 mg.) 
dissolved in 4 ml. of M/15 phosphate buffer at pH 7.0 was reduced with 
hydrogen-palladium. The solution was filtered free of the reductant under 
helium and then exposed to air and shaken vigorously at room tempera- 
ture. The disappearance of the characteristic a-band at 550 to 560 my 
(see below) was observed visually with a Hartridge reversion spectroscope. 
It could be estimated that the half life of the reduced form was approxi- 
mately 3 seconds. 

If RHP is brought to pH > 11 in the presence of lauryl sulfate and then 
subjected to several cycles of reduction with dithionite and oxidation with 
air, it is observed that the heme moiety disappears. This behavior is not 
observed with the bacterial cytochrome c and is much like the well known 
degradation of hemoglobin and similar hematin compounds when subjected 
to oxidative denaturation (17). Presumably the products of degradation 
of RHP are bile salts, as in the case of myoglobin. 

RHP does not bind reversibly many reagents which form addition 
compounds with hemoglobin or myoglobin. Thus, it fails to react at 


*P. Strittmatter, private communication (1957). 
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neutral pH to form stable addition compounds, either in the oxidized or 
reduced form, with hydrogen sulfide, oxygen, nitric oxide, sodium azide, 
sodium cyanide, and 4-methylimidazole. On the other hand, reduced 
RHP reversibly binds carbon monoxide, the resultant compound showing 
a typical hemochromogen spectrum (see below). The carbon monoxide 
compound is extremely sensitive to light at pH 7, but appears quite stable 
at pH < 4.0. This anomalous behavior is unique to RHP, as far as we are 
aware. The half life of the carbon monoxide compound at pH 7 and at 
light intensities in the range of 100 to 200 foot candles is of the order of 
LO-! second. 

If RHP is partially denatured by treatment with lauryl sulfate in dilute 
alkali, it appears to be able to form a complex with 4-methylimidazole, as 
assayed by the appearance of a typical hemochromogen spectrum. How- 
ever, reaction with cyanide or pyridine requires complete denaturation by 
heating in strong alkali (6 N sodium hydroxide). When this is done, the 
derivative hemochromogens are identical with those obtained in the same 
manner from pure beef heart cytochrome c or bacterial cytochrome c 
(1, 2). 

The prosthetic heme of RHP cannot be split off, as in hemoglobin, by 
treatment with cold dilute acid-acetone mixtures. Reductive cleavage 
with sodium amalgam (18) produces a mixture of mesoporphyn and 
chlorin spectroscopically absolutely identical with that obtained from 
pure cytochrome c, either mammalian or bacterial. No other method, 
such as the silver-salt cleavage (19), or strong acid cleavage (20), has been 
attempted. 


Analytic Data 


Electrophoretic Measurements—The combined results of all electro- 
phoretic determinations are presented in Table II. Unfortunately, 
insufficient amounts of the purest preparation were available to determine 
mobilities at the various pH values shown, so less pure samples (275/424 = 
0.35 to 0.50) were used for pH 5.8 and pH 7.8. In these cases, however, 
impurity peaks which were visible were colorless and only one colored 
peak could be seen. The colored component was used in determining 
mobilities at these pH values. 

Another difficulty arose in the inadvertent use of buffers with different 
ionic strengths. While corrections for ionic strength effects are uncertain, 
an attempt was made to reduce all mobility u values to a constant ionic 
strength of r = 0.2. This was done by using the two values at pH 6.0 
and 6.8 to establish a linear relation of mobility and pH. Then, the value 
at pH 5.8 was corrected downward to fall on the same line. By this 
procedure, it was possible to obtain a factor by which to increase the ob- 
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served mobility at pH 7.8 so as to arrive at a mobility for RHP at pH 7.8 
and ionic strength of 7 = 0.2. The predicted value was —7.5 XK 107° e.s.u. 
The value determined by extrapolation of the line based on the experi- 
mental points at pH 6.0 and 6.8 was —7.35 K 107° e.s.u. 

Another procedure was based on correction of mobilities, assuming that 
these depended on the square root of the ionic strength, all values being 
normalized to r = 0.2. 

By using either of these procedures, it was found by extrapolation to 
u = 0 that the isoelectric point was at pH 5.0 to 5.1. This value must be 
considered as tentative until sufficient pure material is available to make 
possible enough determinations under proper conditions, but it is reason- 
able in view of the observed tendency of RHP to precipitate at pH < 5. 


TABLE II 
Electrophoretic Mobilities (u) of RHP 


pH Tonic strength* (cm.? X 105 (cm.? pe 105 
5.8 0.1156 —2.54 eee 

6.0 0.2000 —2.2 —2.2 

6.8 0). 2000 —4.39 —4.39 

7.8 0). 2888 —5.1 


* Phosphate buffers of the following composition were used: pH 5.8, 78 ml. of m 
NasHPO, and 922 ml. of m KH2PO, per 10 liters; pH 6.8, 500 ml. each of M NazHPO, 
and mM KH2PO, per 10 liters; pH 7.8, 944 ml. of m NasHPO, and 56 ml. of mM KH2PO, 


per 10 liters. 
Tt See the text. 


As noted from the sign of the mobility coefficient, RHP is an acidic 
protein, migrating anodically at pH > 5. 

Sedimentation and Diffusion Constants—The sedimentation velocity 
constant of RHP was determined with a sample of RHP approximately 
98 per cent pure (Re75/424 = 0.33) which displayed only one major colored 
peak and a barely detectable minor colorless peak in the schlieren picture. 
The average value obtained from several runs (concentration of RHP, 0.9 
per cent (w/v)) in phosphate buffer at pH 7.0 (ionic strength (r) = 0.2) 
and 20° was 2.66 Svedberg units (S). Corrected to pure water solvent, 
the value (so9.~) was 2.76 S. This value could be estimated to have a 
standard deviation of approximately +2 per cent. Systematic errors 
noted occasionally (5) in this procedure could increase the estimated 
error to +) per cent. 

The diffusion constant for the same RHP preparation was aeininied 
by measuring the rate of area broadening of the peak in the electrophoretic 
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pattern at pH 6.8 (6). Corrected to 20° and pure water solvent, the value 
(Deo, ~) was 8.65 10-7 c.g.s. unit, with an uncertainty estimated from 
previous experience (5) of +5 per cent. 

Partial Specific Volume—The density of the protein solution, p, and 
the density of the solvent, po, for a given concentration of RHP in water 
containing a trace of Tris buffer sufficient to maintain the pH at 7 and at 
20° (+0.01°) were determined by the gradient tube method (6). The 
partial specific volume, d2, then was calculated according to the formula 


c 


The value obtained was 0.731. 


TaBLeE III 
Spectral Properties of RHP 


Extinction coefficients of absorption peaks at 
275 my* 390 my* 424 mu 500 550 mu 640 my* 
«, mg. per ml........ 1.09 3.63 4.00 0.452 0.464 | 0.132 
E umoles per ml.....| 30.7 101.6 112.0 12.7 13.0 3.70 


Characteristic ratios of extinction coefficients as follows: €275/€424 = 0.274, €424/€550 = 
8.62, €275/€640 = 8.3. 
* Oxidized. 


Molecular Weight (M)—By substituting the values for the various 
parameters determined as described previously in the well known formula 


R TS20,w 
Doo, w(1 dp) 


M= 


the value of 27,740 was determined for the molecular weight of RHP. 
The systematic errors could be estimated as +5 per cent; hence a value of 
28,000 + 1000 was taken for calculation of millimolar extinction coeff- 
cients of Table III. The frictional ratio (21) was calculated as 1.33. 

Determination of the heme content as the pyridine hemochromogen 
according to the procedure of Drabkin (22) gave a value of M = 25,000, 
assuming one heme per mole. 

The agreement between these two independent procedures can be 
considered satisfactory. 

The iron content of the same highly purified RHP preparation used for 
the ultracentrifugal and electrophoretic and gradient measurements was 
found to be 0.18 per cent. This indicated a molecular weight of 31,000, 
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assuming one iron per mole. Because the iron analysis is likely to be 
low rather than high, leading to a high estimate of the molecular weight, 
it was assumed that the molecular weight was close to 28,000 and that all 
iron was accounted for as heme iron, of which there was 1 mole per mole of 
protein. 


0.03 = 
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LOG OXIDIZED/REDUCED 

Fic. 1. Oxidation-reduction equilibrium of RHP with the iron-oxalate system 
at pH 7 and 30°. Thereaction mixture contained initially 5 X 10-3 mM potassium phos- 
phate, pH 7, 0.5M potassium oxalate, pH 7, 10-3M ferric-ammonium sulfate, and 
0.36 mg. of RHP (approximately 1.3 X 10°? umole) in 2.0 ml. and was titrated an- 
aerobically by the addition of increments of 0.02 m ferrous-ammonium sulfate. 


Electrochemical Potential—The oxidation-reduction equilibria between 
RHP and ferric-ferrous oxalate at pH 7 were measured in the manner 
described by Velick and Strittmatter (9), except that the equilibrium con- 
centrations of RHP were determined from optical densities at 550 and 640 
my rather than at the Soret absorption peak. The calculated results 
were identical at the two wave lengths. 

The reversibility of the equilibrium was indicated by the ready reoxida- 
tion of ferrous oxalate-reduced RHP by the ferric salt. In Fig. 1 the results 
of an electrometric titration are represented in the manner described by 
Hill (8). It is apparent that the ferric-ferrous oxalate and RHP curves are 
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Fic. 2. Spectrum of oxidized RHP (0.25 mg. per ml. of RHP, approximately 
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0.93 & 10-* umole per ml.) in M/15 phosphate, pH 7. 
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Fic. 3. Spectrum of oxidized (broken line) and reduced (solid line) RHP at pH 7. 
For the main curves 0.186 mg. per ml. of RHP (approximately 0.66 X 10-? umole 
per ml.) and for the inset curves 0.745 mg. per ml. of RHP (approximately 2.7 X 
10-2 zmole per ml.) were used in M/15 phosphate, pH 7. 
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almost coincident and that for RHP 
. = E, (0.5 reduced, pH 7) = —0.008 volt 


Spectroscopic Observations 


The spectroscopic properties of RHP exemplify the novel character of 
this heme protein as compared with those commonly encountered. It 
exhibits a spectrum such as one might expect from a myoglobin-like 
protein in which the prosthetic group possesses saturated side chains. 
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Fig. 4. Difference spectrum of RHP at pH 7, reduced minus oxidized. In A 
0.186 mg. per ml. of RHP (approximately 0.66 X 10-? umole per ml.) and in B 0.745 
mg. per ml. of RHP (approximately 2.7 X 10-2 umole per ml.) were used in M/15 phos- 
phate, pH 7. 


Thus, the reduced compound shows a typical sharp Soret band and a rather 
diffuse a-band, as in myoglobin, but shifted 10 to 20 my toward the blue. 
The complex spectrochemical behavior of RHP is shown in Figs. 2 through 
8, wherein are presented direct tracings of RHP spectra obtained with the 
Cary model 14 recording spectrophotometer. In Table III are summarized 
data on location and intensity of absorption peaks of the RHP sample 
used in obtaining these spectra. 

The spectrum of oxidized RHP at pH 7, reproduced in Fig. 2, shows 
the protein absorption band with a maximum at 275 my and a shoulder at 
280 mu, the Soret band at 390 muy, another band at 500 mu, and the hem- 
atin band at 640 mu. 
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The reduced RHP spectrum is shown in Fig. 3. There is a broad 
a-band extending from 550 to 560 mu. The Soret band is sharp with a 
maximum at 424 my and a shoulder at approximately 431 my. The 
significance of this shoulder is not known. The spectrum of the oxidized 
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Fic. 5. Spectrum of oxidized (broken line) and reduced (solid line) RHP at pH 
11.8. For the main curves 0.186 mg. per ml. of RHP (approximately 0.66 « 107? 
umole per ml.) and for the inset curves 0.745 mg. per ml. of RHP (approximately 
2.7 X 10-2 umole per ml.) were used in 0.1 M trisodium phosphate buffer adjusted to 
pH 11.8. 


form is included for comparison, demonstrating the shift in absorption 
maxima toward the red for both the Soret and a-bands, as well as the loss 
of the hematin band that accompanies reduction of RHP. The reduced 
pigment possesses no 8 absorption band. It may be that the unsymmetric 
nature of the reduced a-band conceals fine structure that could be re- 
vealed by examination at low temperature. Alternatively, the presence 
of traces of contaminating cytochrome c may be betrayed by the slightly 


He A wow 


| 
1.0 0.3 
> 
09 il 0.2 
\ 
\ 
08 
o 07 — 
1] 500 550 650 
' 
° 06 
0.5 
0.4 : 
O3- 
0.2 | 
\ 
( 
I 
t 
d 


R. G. BARTSCH AND M. D. KAMEN 57 


skewed a-band and the hint of a slightly high absorption in the regions of 
520 to 525 mu. 

The RHP difference spectrum at pH 7 is given in Fig. 4. Minimal 
absorption peaks, corresponding to oxidized components, fall at 388, 485, 
and 640 my and maxima, corresponding to reduced components, occur at 
432 and 510 mu. This difference spectrum resembles closely that of Chance 
and Smith (23), based on differential spectrophotometry of cultures in vivo, 
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Fic. 6. Difference spectrum of RHP at pH 11.8, reduced minus oxidized. In A 
0.186 mg. per ml. of RHP (approximately 0.66 X 10~? umole per ml.) and in B 0.745 
mg. per ml. of RHP (approximately 2.7 X 10-? umole per ml.) were used in 0.1 mM 
trisodium phosphate, pH 11.8. 


in which a heme compound showing a difference Soret absorption peak at 
430 mu has been suggested as identical with RHP. 

The oxidized and reduced hemochromogen type spectra of RHP at 
pH 11.8 are presented in Fig. 5. Major absorption maxima for the oxi- 
dized spectrum occur at 407 and 537 my and for the reduced spectrum at 
413, 518, and 549 mu. In the reduced spectrum the values of optical 
densities at 413, 518, and 549 muy are 1.48, 0.11, and 0.205, respectively. 
These values give ratios for Soret to a and 8 absorption not identical to, 
but somewhat higher than, those found for the hemochromogen-like 
spectrum of R. rubrum cytochrome c (1). 
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lig. 6 represents RHP difference spectra (reduced minus oxidized) at 
pH 11.8, of which the structure and orders of magnitude are very similar to 
those of cytochrome c. Minimal absorption peaks occur at 402, 450, 554, 
and 569 my and maxima occur at 415, 532, and 549 mu. 

The absorption spectrum of the reduced RHP-carbon monoxide complex 
is given in Fig. 7. Formation of the complex appears to shift the Soret 
absorption band from 424 to 415 mu, to intensify the absorption (e (mg. 
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Fic. 7. Spectrum of the carbon monoxide-reduced RHP compound at pH 4.75. 
For the main curve 0.0745 mg. per ml. of RHP (approximately 0.27 K 10-2 umole per 
ml.) and for the inset curve 0.745 mg. per ml. of RHP (approximately 2.7 & 107? 
umole per ml.) were used in 0.1 M citrate-Tris buffer, pH 4.75, with pure carbon mon- 
oxide in the gas phase. 


per ml.) changes from 4 to 7.65), and almost to obliterate the shoulder 
seen in the absence of carbon monoxide. However, the remnant of that 
shoulder may be responsible for the inflection near the base of the carbon 
monoxide Soret peak. The a-peak of the carbon monoxide complex is a 
composite of two peaks with maxima at 534 and 560 mu. When the RHP- 
carbon monoxide complex is examined at pH 4 or less with the Hartridge 
reversion spectroscope, two sharp bands are seen at 535 and 560 mu, 
whereas at pH 7 only one broad band over the range 540 to 560 my is noted. 
At the lower pH much of the protein is insoluble, making it difficult to 
obtain a satisfactory spectrum. For the spectrum in Fig. 7, pH 4.75 
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was chosen as the lowest pH value which would permit an indication of the 
splitting of the a-band without undue protein precipitation; however, as 
is indicated by the inset tracing, sufficient protein precipitation occurred 
at the protein concentration used for the a-band spectrum to move the 
base line upward from zero to approximately 0.1 optical density. 

Finally, in Fig. 8 is presented the difference spectrum for reduced RHP- 
carbon monoxide minus reduced RHP at pH 4.75. Minimal absorption 
occurs In the Soret region at 396 and 432 my and in the yellow-green at 
407, 550, and 586 mp. Maxima occur in the Soret region at 413 my 
and in the yellow-green region at 477, 531, and 565 mu. 
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Fic. 8. Difference spectrum of the carbon monoxide-reduced RHP compound 
at pH 4.75 and carbon monoxide plus reduced minus reduced. In A 0.0745 mg. per 
ml. of RHP (approximately 0.27 X 107? umole per ml.) and in B 0.745 mg. per ml. of 
RHP (approximately 2.7 X 107? umole per ml.) were used in 0.1 M citrate-Tris buffer, 
pH 4.75, with pure carbon monoxide as the gas phase in the experimental cuvette. 


DISCUSSION 


All of the spectroscopic and chemical observations on RHP described in 
this report can be rationalized in so far as the prosthetic group and its 
relation to the apoprotein are concerned by assuming that RHP represents 
a variant of cytochrome c (note (24) for brief summary of present concepts 
of cytochrome c structure) in which one (or both) of the extraplanar pro- 
tein links to the central iron atom is loose or missing. Such a structure 
would account for the myoglobin-like spectra and at the same time explain 
the characteristic shift in absorption maxima of some 10 my toward the blue, 
as compared with myoglobin. In this respect, the compound can be thought 
of as amyoglobin type of protein with a meso- or hematoheme prosthetic 
group like those reported by Hill and Holden (25). RHP appears to share 
with cytochrome ¢ and cytochrome f (Davenport and Hill (25)) the prop- 
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erty of being the only naturally occurring heme protein compound con- 
taining these stable linkages between side chains and protein. 

The failure to observe fission of the heme from protein by the classical 
cold acid-acetone treatment effective for myoglobin shows that the pros- 
thetic group is linked stably to the protein through the heme side chains. 
The fact that reductive cleavage with sodium gives both qualitatively and 
quantitatively identical mixtures of mesoheme and chlorin strongly sup- 
ports the notion that the binding of the heme in RHP is identical with that 
in cytochrome c. It is known that hematoheme is also reduced to meso- 
heme under the conditions of the cleavage procedure (18). However, it 
would not be expected that quantitative agreement in nature and yield of 
products from RHP compared to cytochrome c would result if the linkage 
in RHP were, say, an ether linkage to a hydroxyamino acid rather than a 
thio ether linkage to cysteine. The proof of the identity of the heme and 
its binding in RHP and cytochrome c must await accumulation of suffi- 
cient pure material to enable isolation of iron peptides after tryptic diges- 
tion, as done in the cytochrome c studies. From such peptides it may be 
possible to ascertain the nature of the linkage between the heme side chains 
and the moiety involved in the protein. 

It is of interest that reduced RHP exhibits a true cytochrome c spectrum 
when brought to pH > 11. This behavior is opposite to that of cyto- 
chrome c at high pH. In other words, RHP can be “changed” into a 
hemochromogen almost identical with cytochrome c spectroscopically by 
going to high alkaline pH. The change is strictly reversible, however, 
for on lowering the pH to 7 the original acid hematin spectrum is restored. 

While RHP can be changed in this fashion to exhibit a spectrum similar 
to that of cytochrome c at neutral pH, it is not possible to effect a similar 
change in cytochrome c whereby it resembles RHP other than superficially. 
If cytochrome c is brought to pH 4 in the presence of lauryl sulfate, it 
exhibits a characteristic acid hematin type spectrum, a fact well known for 
some time (26). However, the resultant spectrum, while resembling RHP 
in general appearance, is quite different quantitatively. The oxidized 
form of the acidified cytochrome c has maxima at 405 and 630 mu, the 
ratio of the Soret to red bands being 12.5. The corresponding Soret and 
a-band maxima for oxidized RHP either at pH 4 or 7 are at 395 and 640 mu, 
the ratio being 23.6. 

These changes in RHP at high pH may result from a reversible twisting 
of the protein in which a group hindering chelation of the iron to a nitrogen- 
ous residue in the protein moves aside and a nitrogen atom from the protein 
moves in, thus forming a cytochrome c-like hemochromogen. 

RHP is unusual among heme proteins in that, although it exhibits an 
acid hematin spectrum, it is incapable of forming stable addition com- 
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plexes with any of the usual reagents (cyanide, azide, 4-methylimidazole, 
oxygen, hydrogen sulfide, nitric oxide). This fact would argue for some 
form of steric hindrance, as postulated to explain the spectrochemical 
behavior during reversible alkaline denaturation. However, more than 
this is needed to understand the remarkable reaction of reduced RHP with 
carbon monoxide to form a typical hemochromogen addition complex. 
Furthermore, the RHP-carbon monoxide complex appears to be the first 
instance reported of a light-sensitive heme-carbon monoxide compound in 
which the photodissociation rate depends on pH. Thus, the remarkable 
chemical properties of RHP require further elaboration before any attempt 
can be made to rationalize them in terms of structure. 

The possibility that RHP is an artifact of the extraction procedure may 
be dismissed as most unlikely on the following grounds: (1) RHP is localized 
in bacterial chromatophores along with cytochrome c, cytochrome b, and all 
the photoactive pigments. It can be seen in these chromatophores directly 
when they are treated with acetone to remove the photoactive pigments. 
(2) RHP is obtained in the same yields relative to cytochrome c, regardless 
of the manner of extraction, except when TCA is used. With TCA, 
yields of RHP are too erratic from one culture to the next to determine a 
relative yield. (3) Isolated RHP is not formed from bacterial cytochrome 
c, or any other components of the chromatophores, by treatment with 
reagents used in the extraction procedures. (4) Difference spectra of 
actively metabolizing cells determined under a variety of conditions 
(anaerobic with and without carbon monoxide and other inhibitors, aerobic 
with and without inhibitors) can all be correlated with known spectroscopic 
characteristics of a mixture of RHP and cytochrome c (23). (5) RHP is 
one of the most abundant proteins in the bacteria. It can be obtained in 
yields as high as 3 mg. per gm. dry weight, thus constituting 0.6 per cent 
of all the cellular protein. This amount is comparable to that of the 
cytochrome c component in R. rubrum on a molar basis. The relative 
amounts of RHP and cytochrome c are in accord with those estimated 
visually in the experiment with acetone-treated chromatophores. 

The identity of RHP with the terminal oxidase of R. rubrum is suggested 
by the following considerations. First, the difference spectra (reduced 
minus oxidized and carbon monoxide reduced minus reduced) are identical 
with those for a component in the oxidation chain of the intact cell sus- 
pensions actively metabolizing under a variety of conditions (23). The 
major portion of the differences in absorption in the visible light region 
when &. rubrum suspensions are shifted from light anaerobic to dark ana- 
erobic, or dark anaerobic to dark aerobic conditions (23), can be accounted 
for by assuming RHP as the active reagent. Similarly, the shift in Soret 
absorption seen when the cells are subjected to carbon monoxide in the 
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dark (23) is precisely that to be expected for RHP. Secondly, RHP is 
reversibly oxidized and reduced readily by DPNH-linked cytochrome c 
reductases, such as those found in bacterial or mammalian tissue, although 
it is not coupled with DPNH-linked cytochrome b; reductase as found in 
mammalian liver microsomes. Thirdly, RHP is rapidly oxidized in air. 

The rate of autoxidation is of an order of magnitude consistent with 
the respiratory rate observed in the weakly aerobic photoheterotrophically 
grown cells from which RHP is isolated. In a typical manometric experi- 
ment, 200 c.mm. cells suspended in 2 ml. of buffer will take up 60 c.mm. 
(approximately 2.5 umoles) of oxygen per hour in dark aerobic metabolism 
of a substrate such as acetate. This quantity of cells corresponds to at 
least 90 y of RHP or 3 X 10-* umole of RHP. The minimal rate of oxida- 
tion, assuming first order kinetics and the observed half life of RHP of 
3 seconds, is approximately 1.5  10-* umole in 3 seconds or approxi- 
mately 2 umoles per hour. This corresponds to a rate of oxygen uptake 
of at least 0.50 umole per hour. 

If RHP is an integral portion of the respiratory chain in FR. rubrum, 
functioning as a terminal oxidase, it may be possible to use it for monitoring 
oxidase and reductase activities in cell-free extracts, thereby leading 
perhaps to isolation and characterization of other components in the 
electron transport systems supporting both light and dark metabolism. 
It is also interesting in this regard that RHP is a major constituent of the 
chromatophores, which have been demonstrated to support light-catalyzed 
anaerobic phosphorylation (27). The possibility of RHP as a prototype 
for bacterial oxidases in general remains to be explored. 

Spectrophotometry of metabolizing cell suspensions has revealed the 
presence in a variety of bacteria of moieties with spectroscopic properties 
like RHP which appear to function as terminal oxidases (4). However, 
at least one strict anaerobe, the photosynthetic bacterium Chromatium, 
also contains an RHP type of pigment (1, 2). The isolation of this com- 
pound from Chromatium has been accomplished on a mg. basis recently.!° 

I'urther research on these heme proteins directed toward clarification of 
their chemistry and structure should help to solve the problem of how they 
function in the richly variegated metabolism of the photosynthetic bacteria 
and by extension how analogous proteins act in other photosynthetic 
tissues, as well as related non-photosynthetic systems, such as facultative 
anaerobes which are chemosynthetic. 


SUMMARY 


1. The isolation and purification of a new heme protein from the faculta- 
tive photoheterotroph, Rhodospirillum rubrum, are described. 


10M. D. Kamen, unpublished observations. 
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2. The new protein, termed a ‘“pseudohemoglobin” in previous studies 
and renamed ‘‘/thodospirillum heme protein” (RHP) in these studies, is 
characterized on the basis of its spectroscopic and chemical properties as 
an autoxidizable variant of cytochrome c, in which one of the extraplanar 
protein bonds to the central heme iron is missing or hindered. 

3. RHP is a soluble acidic protein, with an isoelectric point at pH 5.0 
to 5.1 and with one heme per molecular weight of 25,000. Measurements 
of sedimentation velocity, diffusion, and partial specific volume lead to a 
calculated molecular weight of 28,000. ‘Total iron analysis yields a some- 
what higher figure. There appears to be no iron in excess of that accounted 
for as heme. 

4. A function as a terminal oxidase for R. rubrum is suggested for RHP 
and evidence for this suggestion is presented. The possible significance of 
RHP as a prototype for bacterial oxidases in general is noted. The cir- 
cumstance of its presence in the strict anaerobe Chromatium is confirmed. 
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COUPLED OXIDATION OF CAROTENE AND LINOLEATE 
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The coupled oxidation of carotenoids and certain unsaturated fatty acids 
by lipoxidase has long been of interest. It not only has economic im- 
portance because of destruction of a valuable feed constituent, carotene, 
but is an apparently unique enzymatic reaction, regarded by some as an 
example of a free radical chain reaction in a polyphase system (1). 

Although considerable work has been done on the coupled oxidation of 
carotene and linoleic acid by lipoxidase, most workers have devoted them- 
selves to measuring one or a combination of two of the variables: carotene, 
linoleic acid, and oxygen (1-5). The presently described system was de- 
veloped in order to measure simultaneously all three of these variables. 
The substrate here presented is an apparently homogeneous aqueous dis- 
persion of carotene and sodium linoleate. Unlike a previously reported 
substrate for lipoxidase (6), this substrate shows the spectral absorption 
peaks characteristic of carotene dissolved in organic solvents. 

An anomalous maximum in carotene destruction at low levels of linoleic 
acid has been reported (2, 6). A similar phenomenon is shown here for 
diene conjugation. Both maxima correspond to the critical micelle con- 
centration of sodium linoleate. 


Materials and Methods 


Materials—Soybean lipoxidase was prepared according to the directions 
of Kunkel (7). The product was dialyzed and lyophilized and usually had 
a specific activity of 80 to 90 Theorell units per mg. 0.1 mg. per ml. of 
the enzyme preparation in 0.02 mM phosphate buffer at pH 6.5 was routinely 
used. Such a solution is stable in the refrigerator for over a week. 

Ampuls of 8-carotene (General Biochemicals, Inc.') and linoleic acid 
(Hormel Foundation) were freshly opened for each experiment. 

Substrates were prepared as follows: 0 to 1070 umoles of linoleic acid 


* One of the Divisions of the Agricultural Research Service, United States De- 
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plus B-carotene (0 to 7.73 umoles) were dissolved in 6 ml. of ethyl ether 
(peroxide-free) by gentle warming; 15 ml. of warmed ethanol were added 
and the solution was evaporated to 9 ml. on the steam bath; the ethanolic 
solution was quickly added with stirring to 171 ml. of 0.05 m borate buffer 
(presaturated with oxygen at 20°) at pH 9.0. The resultant dispersion 
was water-clear and stable for several hours. A small fraction of the 
carotene was lost during the preparation of the substrate; hence, the re- 
ported values are those determined by assay, not by amount originally 
weighed. 

Enzymatic Assays—Oxygen consumption was measured at 20° by the 
conventional Warburg manometric procedure with oxygen as the gas phase. 

For the assay of conjugated diene, 45 ml. of substrate were placed in 
an Erlenmeyer flask in a constant temperature bath at 20°. Oxygen was 
passed over the surface for 5 minutes. 5 ml. of lipoxidase solution were 
added at zero time,? the flask was shaken, and 2 ml. aliquots were with- 
drawn at either 20 or 30 second intervals. The aliquots were quickly 
discharged into 4 ml. of cold absolute ethanol to stop the reaction, made 
up to 32 ml. with 60 per cent ethanol, and then read in a Beckman DU 
spectrophotometer at 234 my. Controls without enzyme were also run. 
A molecular extinction coefficient of 25,600 was used to convert optical 
density to moles of conjugated diene (4). 

The carotene assay was carried out in a manner similar to the conju- 
gated diene assay. The 2 ml. aliquots were discharged into a mixture of 
4 to 5 ml. of ethanol and 7 to 8 ml. of hexane. The hexane layer contain- 
ing the carotene was separated, washed with water, dried with anhydrous 
sodium sulfate, and made to 10 ml. in volume. Optical density of the 
hexane solution was read at 436 mu. The molecular extinction coefficient 
for carotene is 106,296 (8). 

Critical Micelle Concentration—The equilibrium value of the surface 
tension of the substrate was measured by the du Noiiy ring tensiometer at 
various concentrations of sodium linoleate, in both the presence and the 
absence of carotene. Surface tension was plotted against linoleate con- 
centration. The value obtained by extrapolation of the linear portions of 
the curve was taken as the critical micelle concentration (9, 10). 


Results 


Assay System—The rates of oxygen uptake and diene conjugation are 
linear with time for at least 10 to 15 minutes, except for the induction 
period mentioned below. Carotene destruction is nearly linear with time 
up to 50 per cent destruction of the carotene (ig. 1). The slope of the 
linear portion of the curve was used in each case as a measure of the reac- 


2 The enzyme does not appreciably lower the pH in the final solution. 
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tion rate. It should be noted that, with use of this substrate, diene con- 
jugation is proportional to enzyme concentration. 

An induction period of variable length, from 0 to 0.5 minute, has been 
observed both for enzymatic formation of conjugated diene and for caro- 
tene destruction (Fig. 1). The Warburg technique, however, would not 
be able to detect such a short event. 

Care was taken to keep the ethanol concentration of the system at 5 per 
cent, since it was observed that an increase in ethanol to 10 per cent causes 
enzyme activity to fall off 30 per cent. Addition of excess ether to the 
system (1 to 2 ml. per 200 ml.) causes a transient inhibition in the rate of 
diene conjugation. The reaction rates of systems containing excess ether 
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Fic. 1. Changes in optical density, showing enzymatic destruction of carotene 
(O) at 436 mu and formation of conjugated diene (A) at 234 mu. The system con- 
tained 714 uwmoles of sodium linoleate and 1.67 uwmoles of carotene in a total volume 
of 200 ml. Details of the assay have been described in the text. 


approach that of the standard assay in less than 4 minutes, indicating that 
the added ether is rapidly evaporated. 

Spectral Characteristics of Substrate—The absorption spectrum of the 
substrate shows the three peaks which are characteristic of carotene in an 
organic solvent such as hexane (Fig. 2). The optical density of the aque- 
ous dispersion (at 436 my) compares well with the values obtained after 
extraction of the carotene into hexane and may be used for carotene de- 
termination. However, after dilution with ethanol to stop the enzymatic 
reaction, the dispersion is no longer stable and the carotene rapidly pre- 
cipitates. Nor can the substrate be diluted with acetone, dioxane, or 
ether-ethanol (20:80) without precipitating carotene. 

Dependence of Enzyme Activity on Carotene Concentration—The behavior 
of the three indicators of enzymatic activity was followed while carotene 
concentration was varied, the linoleate and enzyme concentrations being 
held constant (Fig. 3). The amount of carotene has a definite but small 
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Fic. 2. Cary spectrophotometer absorption curves which compare the aqueous 
substrate to carotene dissolved in hexane. Curve A, aqueous substrate containing 
792 umoles of sodium linoleate and 3.47 umoles of carotene in a 200 ml. volume; Curve 
B, 1.86 umoles of carotene in 200 ml. of hexane; Curve C, 50 ml. of the aqueous sub- 
strate (Curve A) extracted into 100 ml. of hexane. 
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Fic. 3. Effect of varying carotene concentration on enzymatic oxygen uptake (O), 
diene conjugation (X), and carotene destruction (0). The system contained a 
constant amount of 714 wmoles of sodium linoleate in a 200 ml. total volume. 


effect on oxygen consumption and on diene conjugation, whereas increas- 
ing concentration of carotene markedly increases carotene destruction. 
Dependence of Enzyme Activity on Linoleate Concentration—Diene con- 


DIENE CONJUGATION 
4/2 ML x 102 


al 
tk 
as 
QO 
tl 
ce 


ib- 


)), 
la 


DIENE CONJUGATION 


TOOKEY, WILSON, LOHMAR, AND DUTTON 69 


ro) 
* 
<2 O= 
Zz 
“Oo 
as = 

a a 


% 200 400 600 
Na LINOLEATE, «MOLES 
Kia. 4. Effect of linoleate concentration on enzymatic diene conjugation and 
carotene destruction. Experiment I, diene conjugation (4) and carotene destruc- 
tion (CO); Experiment II, diene conjugation (A) and carotene destruction (O). 
The system contained a constant amount of 3.7 umoles of carotene in a 200 ml. total 
volume. 
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Fic. 5. Effect of linoleate concentration on enzymatic diene conjugation in the 
absence of carotene. Two experiments (A, ©) are shown. The total volume of 
the svstem was 200 ml. 

Fic. 6. Critical micelle concentration of the substrate. Surface tension plotted 
as a function of sodium linoleate in the absence of carotene (X), and in the presence 
of 3.7 pmoles of carotene (O). 180 ml. of substrate plus 20 ml. of water comprised 
the solution. The intersection of the extrapolated lines represents the critical mi- 
celle concentration. 
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jugation and carotene destruction were followed as a function of linoleate 
concentration (Fig. 4). The maximum in enzyme activity, which appears 
near 45 uwmoles of sodium linoleate, is also apparent when the substrate 
contains no carotene (Fig. 5). This maximum corresponds to the critical 
micelle concentration of the substrate, both with and without carotene 
(Fig. 6). Oxygen consumption was not measured in this series because 
the reaction was of too short duration at the lower concentrations of linole- 
ate to be detectable in the Warburg procedure.* 


DISCUSSION 


The stoichiometric relation of oxygen consumption to conjugated diene 
hydroperoxide formation has been previously reported (4, 5), as have sev- 
eral studies on the relation of linoleate oxidation to carotene oxidation 
(6, 11). The system described is so constituted that oxygen consumption, 
linoleate oxidation, and carotene destruction may be followed concomi- 
tantly. Its formation is dependent on dissolving the water-insoluble car- 
otene and linoleic acid in a small amount of organic solvent and then dis- 
persing it in alkali buffer. The solvent was selected so as not to interfere 
with the measurement of conjugated diene. Some workers have used 
acetone as a solvent for carotene (6, 11) but acetone was not used here, 
since it absorbs in the ultraviolet region and consequently interferes with 
the diene measurement. 

The spectral characteristics of the present substrate are similar to those 
of carotene in hexane, but with a slight flattening of the absorption peaks. 
This similarity indicates the pigment to be so finely dispersed as to ap- 
proach a molecular solution (12). The substrate does not show the extra 
absorption peak at a longer wave length (13) which has been related to 
the particle size of carotene crystals in aqueous suspension (14). 

Blain et al. (6) reported an aqueous carotene-linoleate substrate for 
lipoxidase which did not exhibit the expected absorption peaks for carotene. 
These workers formed the sodium linoleate prior to adding it to the aque- 
ous phase (at pH 8), whereas, in the present system, the free acid and car- 
otene were added to the alkali buffer, therein forming the soap. This 
procedure apparently results in a different degree of carotene dispersion 
and accounts for the difference in absorption spectra of the two systems. 

Increasing the amount of carotene in the system increases its rate of 
destruction. The presence of more carotene enhances diene conjugation 
and oxygen uptake up to 3 umoles of carotene. This increase might well 
be caused by changes in the degree of dispersion and, hence, in the avail- 
ability of the linoleate. The substrate is slightly opalescent in the ab- 
sence of carotene, but is water-clear when even a small amount of carotene 


3 At 45 umoles of sodium linoleate, the reaction is linear for only 3 minutes. 
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is present. There appears to be a decrease in diene conjugation when the 
carotene reaches 8 wmoles. Unfortunately the system is limited by the 
amount of carotene that can be rendered soluble, so that effects of more 
carotene are unknown. 

Sumner and Sumner (2) and Blain et al. (6), with use of two different pH 
values, both reported a maximum in the rate of carotene destruction at 
rather low levels of linoleic acid. Balls et al. (3) attributed this maximum 
to the presence of an activator of lipoxidase. In the present work, not 
only was the maximum for carotene destruction observed, but also a simi- 
lar maximum for diene conjugation. The latter occurred in both the 
presence and the absence of carotene. It was of interest to see whether 
this phenomenon could be related to some physical property of the sub- 
strate. This maximum of enzymatic activity corresponds to the critical 
micelle concentration of the soap. It might be expected that the presence 
of carotene would alter the critical micelle concentration, but at least in 
this system it causes no significant change. 

Micelles are not necessary for lipoxidase activity. This fact is demon- 
strated by the enzyme action which occurs below the critical micelle con- 
centration. Since the concentration of free soap ions above the critical 
micelle concentration is not known with certainty (8, 15), it is not possible 
to say whether the enzyme can act on micelles. It might be possible that 
the concentration of free soap ions follows the pattern shown by the enzyme 
action, rising to a maximum and then dropping slightly before leveling off. 
If such were the case, the leveling off of lipoxidase activity would not be 
caused by saturation of the enzyme with substrate but rather by the 
limited availability of the free soap ions. 


SUMMARY 


1. A novel substrate for lipoxidase has been devised which allows the 
simultaneous measurement of oxygen uptake, diene conjugation, and 
carotene destruction. 

2. The aqueous substrate shows spectral characteristics for carotene 
similar to those of carotene in hexane. 

3. The enzymatic coupled oxidation of carotene is a function of carotene 
concentration; however, carotene concentration has but little effect on 
diene conjugation and oxygen consumption. 

4. An anomalous maximum in enzymatic activity at low concentrations 
of sodium linoleate has been related to the critical micelle concentration. 


The authors wish to thank Dr. Eugene Melvin for the spectral absorp- 
tion curves and Mr. Philip Freeman for his suggestions concerning certain 
aspects of the problem. 
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USE OF ENZYMES AND RADIOCARBON IN ESTIMATION OF 
THE EQUILIBRIUM CONSTANTS FOR THE DECAR- 
BOXYLATION OF LYSINE AND GLUTAMATE* 


By RAY KOPPELMAN, STANLEY MANDELES,f ann MARTIN E. HANKE 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, February 1, 1957) 


The decarboxylation of L-lysine and t-glutamate by their specific de- 
carboxylases is nearly quantitative; the CO. yield is more than 99 per 
cent of theoretical (1, 2). When L-lysine and L-tyrosine are partially de- 
carboxylated enzymatically in the presence of COs, the carboxyl of the 
remaining amino acid is radioactive (3, 4). This observation suggests 
that the reactions are reversible. In the experiments reported here, de- 
carboxylations of lysine and glutamate were carried out exhaustively under 
conditions in which the concentrations of all the components could be es- 
timated for calculation of the equilibrium constants. Preliminary re- 
ports of these observations have been made (4, 5). 


Materials 


The t-lysine and t-glutamic acid were commercial preparations. Ca- 
daverine dihydrochloride was prepared by the enzymatic decarboxylation 
of L-lysine, and y-aminobutyriec acid by hydrolysis of pyrrolidone (6). 
Pyrrolidone was kindly supplied by the Allied Chemical and Dye Corpora- 
tion. 

Normal NaOH of minimal CO, content (about 1.5 wmoles of CO;-~ per 
ml., prepared by the addition of saturated NaOH solution to CO-.-free 
water) and 0.5 m CO.-free NasHPO, (prepared by rapidly dissolving the 
solid salt in boiling water), were immediately transferred to gas-free re- 
agent containers (7). BaC™QO;, obtained from the Oak Ridge National 
Laboratory, was decomposed by acidification with HCl, and the C“O. was 
trapped in N NaOH. The decarboxylases of lysine and glutamic acid 
were prepared from bacterial sources as described previously (8). 


Methods 


Preparation of Reaction Mixture—The reaction chamber was a glass 
vessel of about 25 ml. capacity with a two-way stopcock outlet above and 


* This investigation was aided by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. 

+t Predoctoral Research Fellow of the National Institutes of Health, United States 
Public Health Service, 1952-53. Present address, Western Regional Utilization Lab- 
oratory, United States Department of Agriculture, Albany, California. 
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joined to a mercury-leveling bulb below. One outlet above led to a small 
cup for the convenient introduction of reagents, and the other to a hori- 
zontal arm fitted with a ground glass joint, which could be attached to the 
corresponding joint of the aeration tube in Fig. 1. 

After the reaction chamber was filled with mercury, 1 to 10 ml. of the 
amine or amino acid solution, 0.2 ml. of 0.05 per cent indicator (brom cresol 
green for glutamate or brom thymol blue for lysine), and 0.1 ml. of freshly 
prepared 2 per cent cysteine hydrochloride were introduced. A trace of 
either octyl aleohol or Dow-Corning Antifoam A was added to prevent 
foaming upon addition of the enzyme. 


FREE 

AIR CS 

SINTERED 


JOINT 


- GLASS 
FUNNEL 


Fic. 1. Aeration train 


In all the experiments with lysine, about 0.5 ml. of N HCl was added, 
which made the pH less than 5, and COz was removed by evacuating the 
reaction chamber, shaking, allowing air to flush out the liberated gas, and 
repeating this sequence four times. Then CQO,-free phosphate and 1 ml. 
of NasC'O; in 0.4 N NaOH were added and washed in with a small amount 
of CO.-free water. The amounts of HCl and phosphate were chosen so 
that the final pH was that recorded in Table II. The enzyme suspension 
was then introduced and the chamber stopcock sealed with mercury. The 
mixture was agitated briefly and allowed to stand the desired length of 
time. The absence of a gas phase avoids the complication of the distribu- 
tion of COz2 in two phases. 

In experiments with glutamate, the same procedure was followed, ex- 
cept that the pH control for CO. removal and enzyme action was effected 
by addition of about 0.5 ml. of 1.2 m acetate buffer to yield a final pH of 
5.1. 
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Collection of Medium CO.—At the end of the reaction period, the reac- 
tion chamber was attached to the aeration train shown in Fig. 1. The 
train was flushed with CO-.-free air for 10 minutes, and then 4 ml. of the 
CO.-free N NaOH were added to the sintered glass funnel. While a slow 
current of air was passing through the train, the reaction mixture was 
acidified with 1 ml. of 4 Nn HCl and transferred to the aeration tube. The 
reaction chamber was washed twice with small volumes of CO.-free water, 
and the washings were transferred to the aeration tube. 

In the lysine experiments aeration was continued for about 40 minutes, 
and with glutamate the period was 90 minutes. At the conclusion of the 
aeration, the sintered glass funnel and suction flask were removed from the 
system, and the alkali was drawn into the graduated tube. The funnel 
was washed twice with 2.5 ml. portions of CO.-free water, and the washings 
were drawn into the tube. CO-.-free water was added until the liquid 
volume was exactly 10 ml. The tube was stoppered and its contents were 
well mixed. 

Collection of Amino Acid Carboxryl-CO,—After removal of the medium 
CO», the mixture in the aeration tube was flushed with non-isotopic CO2 
for 15 minutes, and for a like period with air. An accurately measured 
amount of diluent lysine or glutamic acid was added, and the mixture was 
heated in a boiling water bath for 10 minutes, then cooled and neutralized. 
The precipitated enzyme protein was removed and washed by centrifuga- 
tion. The supernatant fluid and washings were transferred to a volumetric 
flask and diluted to volume. Small portions, 1 to 5 per cent, were analyzed 
for lysine or glutamate content by the decarboxylase method (2); large 
portions, 20 to 40 per cent, were placed in a 32 XK 200 mm. tube, part of 
the aeration train illustrated in Fig. 1. A small separatory funnel was 
substituted for the standard taper joint. The solution was acidified with 
HCl, flushed for 20 minutes with COs, and for 20 to 30 minutes with CO-.- 
free air. COz in the final air flushings was collected as described for the 
medium CQs., then precipitated and examined for radioactivity before 
decarboxylation of the amino acids. In the lysine experiments radioac- 
tivity was uniformly absent at this stage, while in the glutamate samples 
radioactivity was still present. In order to rid the glutamate solution of 
the last traces of radioactive COs, the mixture was made alkaline with 1 
ml. of concentrated NH,OH and flushed with CO, until it became acidic, 
after which it was aerated for about 20 minutes in a boiling water bath. 
This process, which removed most of the NH,* ions, was repeated several 
times, until the CO, collected in the final aeration contained no radioactiv- 
ity. 

After an additional 20 to 30 minute period of aeration, the pH of the 
amino acid solution in the aeration tube was adjusted (6.8 for lysine, 5.1 
for glutamate), an excess of the appropriate decarboxylase was added, 
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and, with all stopcocks closed, the mixture was allowed to stand 12 to 18 
hours with occasional agitation. The aeration train, exclusive of the tube, 
was flushed with CO.-free air. The aeration tube, with both inlet and 
outlet stopcocks closed, was then connected to the system, and 4 ml. of 
N NaOH were added to the sintered glass funnel. With the system under 
slight vacuum, the outlet stopcock of the aeration tube and then the inlet 
stopcock were opened. With a slow stream of air passing through the 
train, 1 ml. of N HCl was gradually added to the decarboxylation mixture 
through the separatory funnel. Aeration was continued for 30 to 45 
minutes, and the amino acid carboxyl-CO, was collected and diluted to 
10 ml. in the same way as the medium CQO,. All such decarboxylations 
and CQz, collections were carried out in duplicate on separate portions of 
the diluted lysine or glutamate solutions. 

Analysis of CO. Samples—All samples of CO, in 0.4 N NaOH were 
analyzed for CO,2 content in the Van Slyke-Neill apparatus (9). The 
values obtained were corrected for CO, content of the NaOH. Aliquots 
of each sample were diluted with NazCO; for radioactivity measurement. 
The initial corrected CO, content and the total CO: content after Na2CO; 
addition were used to calculate the dilution factors. The diluted CO, 
was precipitated and collected as BaCOs; in aluminum cups with a uniform 
cross sectional area of 3.47 sq. cm. | 

Radioactivity was determined in a gas flow counter. The lysine CO, 
samples from Experiments 11 and 12 had low activities, and the standard 
deviation of counting these w ™ 11 per cent. The standard deviation of 
counting all other samples was 5 to 8 per cent. The observed counts were 
corrected for background, converted to thick sample counts (10), and then 
to specific activities by use of the appropriate dilution factors. 


Calculations 


Estimation of |[HCO;-|—This estimation was calculated from the pH, 
the ‘‘medium COQO,,” and the volume of the reaction mixture with the aid 
of the equation, pH = 6.10 + log{[HCO;-]/[H2COs] (11). 

Estimation of (Cadaverine++| and [y-Aminobutyratet—|—The concentra- 
tion of amine at equilibrium is taken to be equal to the initial concentra- 
tion of amine or amino acid, since the equilibrium concentration of amino 
acid is insignificant in comparison with that of the amine. 

Estimation of |Lysine++] and [Glutamate +——|—At equilibrium, a-car- 
boxyl-CO2 and medium-CQO, have the same specific activity. Let X = 
micromoles of amino acid present at equilibrium, and D = micromoles of 
non-isotopic amino acid added as diluent; S,; = specific activity of medium- 
CO:2; Se = the specific activity of amino acid carboxyl-COz after dilution. 
Then, since X is insignificant in comparison with D, X = D (S2/S,). The 
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concentration of the amino acid at equilibrium is X/V, where V is the vol- 
ume of the reaction mixture. 

At the pH values used with lysine, the amino acid exists almost entirely 
as lysine++—, and the effective concentration of this form is taken to be its 
total concentration. In the case of glutamate, however, only 88 per cent 
of the total glutamate exists as glutamate*+—~ at pH 5.1, since pK.’ = —log 


TaBLeE I 
Equilibrium Quotients for Glutamate Decarboxylation* 


The initial reactant in Experiments 1 and 2 was glutamate; in Experiments 3 to 7, 
it was y-aminobutyrate. 


Experiment No. prin of {HCO;]_ -]t Quotient§ 

mg. min, M perl. 102.\m perl. X m perl. K 108 M perl. 

1 100 1440 1.00 7.65 105 6.7 

2 150 1680 1.33 12.7 29 58 

3 50 780 1.33 7.53 5.85 171 

4 150 1200 1.33 12.7 20 85 

5 100 1440 1.175 7.75 12.4 73 

6 150 1680 1.33 12.7 21.8 78 

7 150 1320 1.33 12.7 23.8 71 


* The pH was 5.1 in all experiments with glutamic decarboxylase. The tempera- 
ture in Experiments 1, 2, 3, 5, and 6 was 23°; in Experiment 4, 15°; in Experiment 7, 
37°. The authors will furnish upon request essential data and calculations of each 
experiment; namely, volume of reaction mixture, amounts of radioactive carbonate 
and of glutamate or y-aminobutyrate initially added, amount of diluent Na2CO; 
added to samples containing medium-COz, and the specific radioactivities of me- 
dium-COz and of a-carboxyl-COz after dilution. 

t The specific activity of the enzyme was 0.5; that is, in the presence of an excess 
of glutamate (40 umoles) 1 mg. of enzyme liberates 0.5 umole of COz per minute at 
25°. 

t [Glutamatet~ ~] = 0.88 [total glutamate]. 

§ Quotient = ([y-aminobutyratet~] —]). 


((H*][glutamate+—~—])/({glutamatet—]) = 4.25. Therefore, the total glu- 
tamate calculated above is multiplied by 0.88 in order to express the re- 
sult in terms of the species of glutamate required by the formulation of 
the equilibrium equation given below. 

Calculation of Equilibrium Quotients'—The equilibrium quotients in 


1 Several alternative formulations of these constants are possible. By consider- 
ing H.2CO; (or CO.) as the reactant, and designating the constant as K’ (instead of 
K, where HCO>3;- is the reactant), it follows that [y-aminobutyrate+~] [H2CO3]/[gluta- 
matet~~] (H*] = A’ giutamate; also, [cadaverinet*] [H2CO3;]/[lysinet [H*] = K‘iysine- 
Since [H2CO3]/([H*] = [HCO ;-]/10-&!, it follows that K’ = K-10-&!. Since, as 
reported below, Kgtutamate = 70, A’ giutamate = 5.6-1075; if Kuysine = 700, then K'iysine = 
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Tables I and II were calculated by substituting the concentrations of com- 
ponents as determined above into the following equations: 
[y-aminobutyratet~][HCO;-] 


d K utamate > 
[lysine**~] [glutamate*~~] 


Kiysine 


TABLE II 
Equilibrium Quotients for Lysine Decarboxrylation* 


The initial reactant in Experiments 8, 9, and 10 was lysine; in Experiments 11 and 
12, it was cadaverine. 


of {Cadaverine**] {| HCOs"] { Lysine** ~] Quotientt 
meg. min. m perl. * 103 | m perl. K 103 | Mm perl. X 108 M per l. 
8 33 960 9.0 3 57 131 
9 40 1020 11.8 9.4 25 443 
10 45 2040 25.0 25.7 125 515 
11 50 720 13.7 2.7 3.2 1170 
12 50 1440 13.7 2.7 4.0 924 


* The pH values in Experiments 8, 9, 10, 11, and 12 were, respectively, 6.4, 6.5, 
6.8, 6.3, and 6.3; temperatures, 29°, 27°, 25°, 25°, and 25°. Additional data and cal- 
culations for each experiment will be furnished upon request. 

t The specific activity of the enzyme was 0.5, which is the number of micromoles 
of COz liberated per minute by 1 mg. of enzyme in the presence of an excess (40 
umoles) of lysine. 

t Quotient = ([cadaverinet+] 


RESULTS AND DISCUSSION 


The equilibrium quotients obtained for the decarboxylation of glutamate 
and lysine are listed in Tables I and II. The precision of the various ana- 
lytical techniques used in the estimation of each of the three components 
of the equilibrium quotient indicates that the average analytical error of 
any quotient may be assessed at 15 per cent. In Experiments 2, 4, 5, 6, 
and 7 with glutamate (Table I), the values all fall within 15 per cent of 
the mean of approximately 70 m per liter. In Experiments 1 and 3, where 
the quotients are markedly different from the mean of the others, the lack 
of agreement is doubtless due to failure to achieve equilibrium, since here 
the product of amount of enzyme times the duration of action is signifi- 
cantly less than in the other experiments. Under these conditions of in- 


5.6-10-*. Another formulation of the glutamate constant would use the isoelectric 
form, glutamate*+~, instead of the monovalent negative glutamatet-~. Here K” 
= [y-aminobutyrate*~] [H2COs;]/[glutamate+~]. Since [glutamatet~] = [glutamate 
[H*]/10-4?5, it follows that K” giutamate = K’-107*?5. 
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adequate enzyme action the quotient is less? than the constant when the 
amino acid is the initial reactant, and exceeds the constant when the initial 
reactant is the amine. 

In the lysine experiments, the amount of enzyme activity was inadequate 
to achieve equilibrium® in any of the five experiments, and the value of the 
equilibrium constant must lie between the two values, 515 (with lysine as 
initial reactant in Experiment 10) and 924 (with cadaverine as initial re- 
actant in Experiment 12), where, with the largest amounts of enzyme ac- 
tivity, equilibrium was most closely approached. 

In regard to the effect of temperature on the decarboxylation equilib- 
rium constants, the experiments with glutamate show no significant effect 
between 23° and 37°. The somewhat larger value for the quotient ob- 
served in Experiment 4 at 15° is probably due to the smaller amount of 
enzyme action at the lower temperature and consequent inadequat reali- 
zation of equilibrium in this experiment. 

It is of interest to note that, although the equilibrium constants for the 
decarboxylation of lysine and glutamate differ by about 10-fold, the con- 
centration of amino acid at equilibrium for a given concentration of total 


-? This observation was unexpected since the concentration of radioactive amino 
acid (the denominator of the quotient) is zero at the outset, and, as it gradually 
rises, one would expect the quotient to decrease (not, as observed, to increase) to 
the equilibrium value, just as it does in fact when the amine is the initial reactant. 
One must conclude that the concentration of radioactive amino acid rises at an inter- 
mediate time to a “higher than equilibrium’”’ concentration from which it finally 
decreases to the equilibrium value. The only manner by which the concentration 
of radioactive amino acid could exceed its equilibrium concentration is by a mech- 
anism in which the rate of participation of CO: (the original source of radioactivity) 
exceeds the rate of participation of other components of the reacting system, es- 
pecially the amine. These observations support the idea of independent participa- 
tion of COz and of amine in these decarboxylation reactions, as indicated in the reac- 
tion mechanism previously outlined (8). 

3 The amount of enzyme activity required to achieve equilibrium may be roughly 
estimated from the numerical value of a ratio, which is the product of the. weight, 
the specific activity, and duration of action of the enzyme, divided by the initial 
quantity of substrate. This ratio is an estimate of the maximal amount of substrate 
which the enzyme could decompose when the substrate is present in excess, to the 
amount of substrate initially present in any experiment. Whenever this ratio ex- 
ceeded 300 in our experiments, equilibrium was achieved within the limit of error of 
our procedures; whenever the equilibrium quotient differed significantly from those 
of other experiments (which implies indequate attainment of equilibrium) the 
value of the ratio was significantly less than 300. It is of interest to note that, in 
experiments on the partial decarboxylation of amino acids, a ratio of 6 corresponds 
to 90 per cent decarboxylation, and a ratio of 30 is the minimal ratio for 99 per cent 
decarboxylation. The amount of enzyme required to achieve equilibrium in our 
experiments is thus about 10 times greater than the minimal amount required for 
99 per cent decarboxylation of an amino acid. 
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CO, = [H2CO; + HCO;-] is about the same for both amino acids because 
of the difference in pH at which the two enzymes act. At pH 5.0, where 
glutamic decarboxylase acts, [|HCO;>| = 0.08 [total CO.], while at pH 6.8, 
where lysine decarboxylase acts, [HCO;-] = 0.8 [total CO]. This 10-fold 
difference in ratio of [|HCO;~]|/[total COs] at these two pH values counter- 
balances the 10-fold difference in value of the constants in their effect on 
the equilibrium concentrations of the two amino acids. 


SUMMARY 


1. The equilibrium concentrations of lysine and glutamate following 
their enzymatic decarboxylation in the presence of C“O. were estimated 
by an isotopic dilution method. 

2. The equilibrium constant for the decarboxylation of glutamate, 
[y-aminobutyrate*~|[HCO;-|/[glutamate+—~], is estimated to be 70 be- 
tween 23° and 37°; for lysine the constant, [cadaverine++][HCO;-]/- 
[lysinet+~], lies between 515 and 924 at 25°. 
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AN AMINOHEXURONIC ACID AS THE PRINCIPAL 
HYDROLYTIC COMPONENT OF 
THE VI ANTIGEN* 


By WILLIAM R. CLARK,t JOSEPH McLAUGHLIN, 
AND MARION E. WEBSTER 


(From the Department of Biologics Research, and the Department of Biochemistry, 
Walter Reed Army Institute of Research, Washington, D. C.) 


(Received for publication, July 8, 1957) 


The Vi antigen is a major immunogenic component of Salmonella typhosa 
and has been prepared from three generically different bacterial species, 
Escherichia coli, Paracolobactrum ballerup, and S. typhosa (2). A com- 
parison of certain chemical and physical properties of the purified antigens 
was made, and the values were similar except for significant differences 
in viscosity. The Vi antigens were strongly acidic polymers containing 
nitrogen and acetyl but without appreciable quantities of uronic, sulfuric, 
or phosphoric acid residues. 

Attempts at acid hydrolysis of the antigen by various workers (3, 4) 
failed to result in identifiable hydrolytic products. In the present work 
the hydrolysis of Vi antigen has been accomplished with strong mineral 
acids. The hydrolytic product thus obtained has been characterized as 
an aminohexuronic acid by analyses and by comparison with synthetic 
p-glucosaminuronic acid.! 


EXPERIMENTAL 


Preparation of Vi Antigen—The electrodialyzed Vi antigens used in 
these studies were prepared from acetone-killed and -dried EF. coli 5396/38, 
P. ballerup 7851/39, and S. typhosa, Ty 2 by the procedure previously 
described (2). 

Analytical Procedures—Reducing sugar tests were run by the method of 
Folin and Wu (6) for hexosamine by both the procedure of Elson and 
Morgan (7) and that of Dische and Borenfreund (8), and for uronic acid 
by the method of Dische (9). Carbon, hydrogen, and nitrogen determina- 
tions were conducted by the Oakwald Laboratories, Alexandria, Virginia. 
Chloride was determined by the method of Schales and Schales (10). 


* A preliminary account of this work was published (1). 

t Abstracted from a dissertation presented by William R. Clark to the Graduate 
School, Georgetown University, in partial fulfilment of requirements for the degree 
of Doctor of Philosophy. 

1 The authors are indebted to Dr. J. T. Park for generously supplying a sample of 
p-glucosaminuronic acid synthesized by Dr. K. Heyns and Dr. H. Paulsen (5). 
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Neutral equivalence was calculated from a potentiometric titration carried 
out according to the procedure of Unruh and his coworkers (11). 

Paper Chromatography— Because of the low Ry values of the materials 
being studied, the procedure of Jermyn and Isherwood (12) was used. A 
downward development was carried out at room temperature, the solvent 
being allowed to drip off the pointed end of the paper. Glucosamine 
hydrochloride was spotted as a reference material, and development was 
conducted for 18 to 24 hours. Solvent systems employed were n-butanol- 
acetic acid-water (38:12:50) (13), n-butanol-ethanol-water (40:10:50) 
(14), and n-butanol-pyridine-water (30:20:15) (15). The chromatograms 
were sprayed with 0.1 per cent ninhydrin in ethanol, aniline phosphate 
(14), 0.04 per cent ethanolic brom phenol blue, and the Elson-Morgan 
reagents (16). 

Infrared Studies—Infrared absorption spectra were obtained from dried 
films in a Perkin-Elmer model 21 double beam recording spectrophotometer 
(with sodium chloride prism) over the range 2 to 15 uw at a speed of 13 
minutes per uw. 1 mi. of 0.2 per cent aqueous solution of the test material 
was allowed to air-dry on silver chloride plates. 


Results 


Hydrolysis of Vi Antigen—On the basis of our earlier work, it was known 
that the glucosidic linkages present in the Vi antigen were unusually 
resistant to acid hydrolysis. For this reason concentrated acids at tem- 
peratures from 24—100° were utilized to effect hydrolysis with minimal 
destruction of the hydrolytic products. Initially 80 per cent sulfuric 
acid gave hydrolysis of 0.1 to 0.2 per cent solutions of Vi antigen, derived 
from E. coli, in 25 days at room temperature (24—30°) and in 10 to 12 days 
at 37°. Reducing sugar values of 20 to 21 per cent calculated as glucose 
were the maximal obtainable and were not exceeded with longer periods 
of time. As is shown in Table I, concentrations of sulfuric acid of 30 to 
80 per cent were equally effective when hydrolysis was conducted for 1 
hour in a boiling water bath. Although 60 to 70 per cent sulfuric acid 
was most effective in accomplishing hydrolysis, difficulties were encountered 
in the removal of the acid. Neutralization was tedious, and local excesses 
of alkali resulted in destruction of the sugars present. ‘Treatment with 
saturated barium hydroxide solution gave a voluminous precipitate which 
tended to remove much of the reducing sugar, presumably by adsorption. 

Since it could be readily removed in vacuo, concentrated hydrochloric 
acid was used, and it was found to be as effective as 80 per cent sulfuric 
acid at 37°. Fig. 1 illustrates the reducing sugar and hexosamine (cal- 
culated as glucosamine) values obtained when a 1 per cent solution of the 
antigen in concentrated HCl was hydrolyzed in a boiling water bath. 
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Isolation of Hydrolytic Product—The hydrolytic product could be pre- 
pared either as an amorphous precipitate or as crystals. The amorphous 
material was obtained, after decolorization of the hydrolysate with carbon, 
by evaporation to dryness under reduced pressure, and at temperatures 
below 50°. The yellow-white solid was dissolved in the minimal amount 


TABLE I 
Hydrolysis of Vi Antigen with Sulfuric Acid* 


Concentration of H2SO, Reducing sugars 
per cent per cent 
30 26.0 
40 26.0 
50 25.1 
60 35.8 
70 33.6 
SO 22.8 


* 1 hour boiling water bath. 


30 — 
 *-*HEXOSAMINE (GLUCOSAMINE ) 
‘ 


| 2 3 4 
HOURS 


Fic. 1. Hydrolysis of 1 per cent solution of Vi antigen with concentrated HC! in 
a boiling water bath. 


of methanol, and at least a 10-fold volume of acetone was added. The 
resulting voluminous white precipitate was washed with acetone and dried. 
Yields of 80 per cent of the starting material could be obtained from 100 to 
300 mg. samples of antigen. This product was impure and somewhat 
unstable. Reducing sugar and hexosamine values varied from 22 to 64 
per cent, and these values tended to decrease on standing. Other ana- 
lytical values were more consistent: nitrogen, about 5.2 per cent; chloride, 
about 15 per cent; and neutral equivalent, 120 to 140 per cent. A crystal- 
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line product could readily be prepared by dissolving hydrolysate residues 
in hot concentrated hydrochloric acid to make a thick syrup and chilling 
this at 6° for 6 to 18 hours. After a second crystallization, the product was 
chromatographically homogenous with all indicators. With this procedure 
yields did not exceed 35 per cent, but products so obtained were stable in 
air for long periods of time. 

Characterization of Hydrolytic Product—The hydrolytic product was 
soluble in water, moderately soluble in methanol and ethanol, and in- 
soluble in butanol, acetone, ether, and chloroform. It did not melt but 
darkened gradually above 140° and was completely black at 280°. It 
was strongly acid and gave high reducing sugar and hexosamine values 


TABLE II 
Analytical Data on Crystalline Hydrolytic Product 
Analysis Theoretical* Found 
per cent per cent 

Neutral equivalent............. 133 128 
70 
Reduced sugars................. 60 


* Calculated as an aminohexuronic acid with 2 molecules of water of crystalliza- 
tion: (C's5H1;20.NCl1-2H.0. Molecular weight, 265.6. 


but no reaction in the uronic acid test. Analytical values for various 
crystalline preparations were variable (particularly nitrogen determina- 
tions) and could be calculated either as a monohydrate or a dihydrate. 
This variability was probably due to the partial removal of the water of 
crystallization. Analyses obtained on a crystalline product which were 
conducted as soon as it Was prepared are given in Table II, together with 
the theoretical values for an aminohexuronic acid hydrochloride dihydrate. 

Paper Chromatography—Chromatographically the material resembled a 
uronic acid rather than a hexosamine. It moved well in the acid-solvent 
system, and, like the galacturonic acid used for comparison, it did not 
move but streaked downward from the implant site when a neutral or basic 
solvent system was employed. Glucosamine hydrochloride moved well 
in all three systems. The hydrolytic product traveled in the acid solvent 
as a single compact spot having an Rghucosamine-nc1 Of about 0.75. It could 


OD DM 
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be detected by using ninhydrin, aniline phosphate, brom phenol blue, and 
the Elson-Morgan sprays, thus indicating a single compound which pos- 
sessed the various functional groups involved. p-Glucosaminuronic acid 
(5) was converted to the hydrochloride by dissolving in methanolic HCl, 
and its chromatographic behavior was found to be identical with that of 
the hydrolytic product. Fig. 2 shows a typical chromatogram of the two 
materials as compared to glucosamine hydrochloride. The carboxyl- 
containing amino sugar isolated by Park (17) from A/licrococcus pyogenes 
var. aureus was also compared chromatographically. In the acid solvent 
it gave an Rejucosamine-nc! Of about 1.8 which clearly differentiated it from 
both hexosamine hydrochloride and aminohexuronic acid hydrochloride. 


| 2 3 


Fic. 2. Chromatographic comparison of (1) crystalline hydrolytic product with 
(2) glucosamine hydrochloride and (3) glucosaminuronic acid hydrochloride. Sol- 
vent system; butanol-acetic acid-water, 38:12:50. Developed with ninhydrin. 


Infrared Studies—Comparison of the infrared absorption spectra of the 
crystalline hydrolytic product with p-glucosaminuronic acid (Fig. 3) 
showed that the major functional groups of the two components were 
identical. The slight differences shown from 9 to 15 u may be due to light 
scattering or to differences in resolution of the samples. The absorption 
at 5.73 w (1745 cm.) is due to C=O stretching (acid carbonyl group band) ; 
at 2.8 to 3.5 uw (3570 to 2860 em.-'), to C—H, N—-H, and O—H hydrogen- 
stretching vibrations; at 9 to 10 uw (1100 to 1000 em.—') to C—O—C, C—O, 
and C—-O—-H bonds found in many polysaccharides; and at 6.25 (1600 
em.~') and 6.65 (1500 cm.~') » to N-—-H deformation shown by amino 
acid hydrochlorides. These are the major absorption bands noted (18, 19). 

It has been reported by Orr (20) that the ratios of band intensities at 
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1736 and 1560 em! are proportional to the hexuronic acid to hexosamine 
ratio. These authors attribute the 1736 em. absorption to the carboxylic 
acid group from the hexuronie acid and the 1560 em. to V-acetyl groups. 
The absence of absorption at 1560 ¢m.~! in these infrared spectra can be 
attributed to the absence of acetyl groups. The amine hydrochloride 
grouping is probably absorbing at 1600 ¢m.~! and 1500 em.-!. The chemi- 
‘al and spectroscopic data are, therefore, in good agreement, and the prin- 
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D-GLUCOSAMINURONIC ACID HYDROCHLORIDE 
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AMINOHEXURONIC ACID HYDROCHLORIDE 
DERIVED FROM VI ANTIGEN 
MICRONS 


hic. 3. Infrared spectra of aminohexuronic acid hydrochloride derived from Vi 
antigen and p-glucosaminuronic acid hydrochloride (5). 


cipal hydrolytic product of the Vi antigen is identified as an aminohexuronic 
acid, 

Additional Properties and Comparisons—Attempts to prepare deriva- 
tives of the aminohexuronic acid hydrochloride have been uniformly 
unsuccessful. The common sugar aldehyde derivatives were not formed 
under the usual conditions, and attempted oxidation of this group by using 
30 per cent hydrogen peroxide or bromine left it unaffected. Esterifieation 
of the acid group (21) could not be accomplished, and conditions were not 
found for a satisfactory preparation of a Schiff’s base with the amino 
grouping or for its reaction with 2,4-dinitrofluorobenzene (22). 

The hydrochloride was, however, easily converted to the free amine 
by treating a methanol solution with the calculated amount of methanolic 


ic 
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NaQlt. The amine, being insoluble in methanol, quantitatively precipi- 
tated and, like the hydrochloride, could be converted to a bright yellow 
compound by complete removal of its water of crystallization. The 
amorphous product could also be quantitatively converted to the free 
amine, which gave the same hexosamine and reducing sugar values as 
the hydrochloride from which it was formed. This conversion to the free 
amine readily differentiates aminohexuronic acids from hexosamines. 
The free amines prepared in these laboratories could not be obtained com- 
pletely free from traces of sodium. They were readily soluble in water and 
fuiled to melt at 172°. 

The Elson-Morgan method for hexosamine was negative unless acetyl- 
ncetone was used, and when the reaction was conducted according to the 
Schloss modification (23), the product had an absorption maximum at 532 
my as compared with 512 my for glucosamine similarly treated. This is 
in complete agreement with the findings of Heyns and Paulsen for their 
p-glucosaminuronie acid, 

Inasmuch as earlier investigation had shown that the Vi antigens derived 
from £. coli, P. ballerup, and S. typhosa were chemically similar, it was 
not unexpected that hydrolysates of these latter antigens gave 28 and 26 
per cent reducing sugars and 35 and 28 per cent hexosamine values, respec- 
tively. When these solutions were chromatographed together with the 
aminohexuronic acid, it Was readily apparent that the principal hydrolytic 
components were identical. 

DISCUSSION 

The principal hydrolytic product of Vi antigen is undoubtedly an amino- 
hexuronic acid; however, further evidence will be required to establish 
its configuration as that of p-glucosaminuronic acid. Unlike other uronic 
acids, these sugars failed to decarboxylate in the presence of high concentra- 
tions of hydrochloric acid. The data make it probable that the Vi antigen 
is principally a polymer of N-acetylated amimohexuronic acids. Com- 
parison between the theoretical analytical values for such a polymer 
and actual values (2) is in good agreement. Since an optical rotation of 
la |? +291° was found and periodate failed to oxidize the polymer, it is 
suggested that the acetylated aminohexuronic acids are linked glycosidi- 
‘ally with the @ configuration through the 1 to 3 positions. The neutral 
equivalent of 287 to 330 compared to a theoretical value of 217 suggests 
that the carboxyl groups are not mainly involved in the linkage. The high 
neutral equivalent found can be attributed to anhydride linkages between 
the chains, ester linkages with hydroxyl groups of other chains, the pres- 
ence of an unidentified component which is calculated to represent 25 per 
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cent of the polymer, or to the small quantities of amino acids known to be 
present after hydrolysis and readily demonstrated in chromatograms of the 
amorphous product.” 

Comparison of the infrared absorption spectra of the polysaccharide (1) 
and its acid hydrochloride showed that the 6.1 and 6.5 w peaks have dis- 
appeared from the polymer to be replaced by a greatly intensified peak at 
5.75 pw and new peaks at 6.25 and 6.65 uw. These changes are also shown 
when a protein is compared to its amino acid hydrochlorides. The re- 
moval of the acetyl group and the formation of the hydrochloride on hy- 
drolysis of the polymer may be responsible for the shift in absorption to 
6.25 and 6.65 uw. No significant groups are indicated for the polymer 
which are inconsistent with those found in the hydrolytic products. 


The comparatively low yield (35 per cent) of crystalline aminohexuronic — 


acid hydrochloride from the Vi antigen coupled with the high yield (80 
per cent) of the amorphous product suggests the presence of other com- 
ponents in the amorphous material. However, the similarity in the 
analytical values, in terms of nitrogen, chloride, and neutral equivalent, 
suggests that such postulated components would be present in relatively 
small concentrations. The wide variation found in the reducing sugars 
and hexosamine values of those preparations could be associated with the 
transformation of a free acid into a lactone or lactam, although such a form 
has not yet been identified in the products. 

Other naturally occurring polysaccharides have been identified as 
carboxyl derivatives of hexosamines (25-28). Zilliken (28) has demon- 
strated that .V-acetylneuraminic acid (25) from spleen gangliosides, 
lactamic acid (26) from mucoproteins of bovine colostrum, sialic acid 
from sheep submaxillary mucin (27), and gynaminic acid (28) from puri- 
fied polysaccharides of human milk are identical. Park (17) has reported 
the presence of another derivative in the uridine diphosphate amino sugar 
compounds which accumulate in penicillin-treated M. pyogenes var. aureus 
and that this amino sugar is identical with the unidentified amino sugar 
described by Strange and Dark (29) in cell walls of certain gram-positive 
bacteria. Although current information regarding the structure of the 
foregoing compounds clearly indicates their difference from the amino- 


2 Quantitative estimation of the amino acids present in the hydrolysates was not 
usually carried out. One preparation of the Vi antigen gave the following analytical 
values (24): 2.3 per cent aspartic acid, 1.7 per cent glutamic acid, 0.8 per cent glycine, 
and two additional spots which were tentatively identified as methionine, tyrosine, 
or y-aminobutyrie acid. These latter spots were present in very small quantities. 
The authors are deeply indebted to Dr. R. D. Housewright, Fort Detrick, Frederick, 
Maryland, for conducting these analyses. Professor A. De Barbieri, University of 
Milan, Italy, identified eleven amino acids in hydrolysates of another preparation of 
this antigen. They were aspartic, glutamic, glycine, alanine, serine, threonine, pro 
line, valine, leucine, phenvlalanine, and evstine. 
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hexuronic acid described, the data here reported serve to emphasize the 
functional importance of carboxy] derivatives of amino sugars. 


SUMMARY 


The hydrolysis of the Vi antigen has been accomplished and the princi- 


pal hydrolytic component has been obtained in crystalline form and identi- 
fied as an aminohexuronic acid. Evidence is presented which suggests 
that the Vi antigen is a polymer consisting principally of N-acetylamino- 
hexuronice acid units. 
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THE ESTERIFICATION OF CHOLESTEROL WITH PALMITIC 
ACID BY RAT LIVER HOMOGENATES*f 


By SUPRAVAT MUKHERJEE, GEORGE KUNITAKE, 
AND ROSLYN B. ALFIN-SLATER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles, California) 
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Although the enzymes involved in the synthesis and hydrolysis of 
cholesterol esters of fatty acids have been the subject of a number of 
communications (1-7), the sites and mechanisms of these reactions have 
not been definitely established. It has been suggested by Schramm and 
Wolff (8) that fatty acids are esterified in the intestinal lumen before 
absorption into the cells of the mucosa and that fatty acids are carried 
from the blood into tissue cells as cholesterol esters. The reported occur- 
rence of a serum cholesterol esterase (9) has led to the suggestion that 
this enzyme may be involved in the maintenance of the cholesterol ester 
level of blood. 

Cholesterol esterases of pancreatic origin have been shown to have 
the required specificity and activity for the synthesis and hydrolysis of 
long chain fatty acid esters of cholesterol (10-12). The presence of a 
cholesterol-esterifying system in liver has also been demonstrated by 
several investigators (13-17). According to a recent report by Swell and 
coworkers (18), the activity in liver is due to a liver esterase which acts 
only on short chain fatty acid esters (e.g. butyrate); these esters do not 
occur normally in any appreciable amount in the animal body. 

It is apparent from the existing literature that cholesterol esterases 
occur in a number of tissues, but typical preparations of the enzymes have 
extremely low activity. Systems were often incubated for a period of 
2 to 3 days to demonstrate appreciable synthesis or hydrolysis of the ester. 
The possibility exists that this low activity may indicate that the enzy- 
matic reaction requires certain cofactors for the synthesis of fatty acid 
esters. 

In the present investigation it has been possible to verify the presence 
of an enzyme in rat liver which can bring about the synthesis of a choles- 
terol ester of a long chain fatty acid (palmitic acid). This enzymatic 


* This work was supported by research grants from The Best Foods, Ine., Bayonne, 
New Jersey, and from the National Heart Institute, National Institutes of Health, 
United States Department of Health, Education, and Welfare. 

t Contribution No. 427 from the Department of Biochemistry and Nutrition, Uni- 
versity of Southern California. 
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esterification requires the presence of adenosine triphosphate (ATP) 
and coenzyme A (CoA). On the basis of this requirement, and by analogy 
with the mechanism of ATP activation of acetate (19), it is proposed that 
the over-all reaction is a result of two distinct steps: (1) the activation 
of the fatty acids by ATP to form the acyl CoA derivative 


RCOOH + CoA—SH > RC—S—CoA + 


O 


and (2) the esterification reaction 
RC—S—CoA + HO—R’ —> — + CoA—SH 


O O 


EXPERIMENTAL 


Materials—To study the esterification of palmitic acid with cholesterol 
both 4-C"™-cholesterol plus sodium palmitate and non-labeled cholesterol 
plus the sodium salt of 1-C'-palmitic acid have been used. 

The cholesterol suspensions were prepared from an acetone solution by 
a slight modification of the method employed by Nieft and Deuel (15). 
Both unlabeled and labeled (1-C™) palmitoyl-S-CoA were enzymatically 
prepared by employing a lyophilized ‘‘residue fraction” of guinea pig 
liver according to the method of Kornberg and Pricer (20). The rat 
liver homogenates were prepared from normal adult male rats (weight 
250 to 350 gm.) in a Potter-Elvehjem type homogenizer with approximately 
4 ml. of 0.5 m phosphate buffer (pH 7.2) per gm. 

The complete system used in the experimental incubation mixture 
(described in Table I) was incubated at 38° with constant shaking for 3 
hours. 

Isolation of Cholesterol Esters—At the end of the 3 hour reaction period, 
10 mg. of cholesterol palmitate were added to the incubation mixture as a 
carrier; the whole solution was extracted twice with 15 ml. portions of 
hot CHCl;. The extracted lipide material was dissolved in CCl, and 
repeatedly washed with aqueous ammoniacal ethanol to remove unchanged 
palmitate and palmitoyl-S-CoA. The solvent was evaporated, and the 
cholesterol esters were separated from the total extracted lipide on a 
silicic acid column by a modification of a procedure of Fillerup and Mead 
(21) developed in this laboratory (22). The cholesterol ester fraction 
was extracted with 1 per cent ether in n-pentane. The isolated cholesterol 
palmitate was rechromatographed on another prewashed silicic acid column 
and reextracted, and the radioactivity of the isolated ester fraction was 
measured by direct plating and counting of either the whole material or a 
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suitable aliquot thereof. The counting equipment was a Nuclear auto- 
scaler and gas flow counter. 

The distribution of the radioisotope in the cholesterol and fatty acid 
of the ester was determined by hydrolyzing the cholesterol ester with 
0.1 N sodium ethylate and isolating the cholesterol and fatty acid by 
standard extraction procedures. Each fraction was further purified on 
separate silicic acid columns before being plated for measurement. of 
radioactivity. 


RESULTS AND DISCUSSION 


In Table I is shown the incorporation of labeled cholesterol or labeled 
palmitic acid into cholesterol palmitate in the presence and absence of 
certain cofactors. In the absence of CoA and ATP, but with palmitoyl-S- 
CoA in the incubation mixture (Series I, Experiments 2 and 3), there is 
practically no change in the amount of incorporation of radioactivity in 
the cholesterol ester fraction from what is observed with the complete 
system containing CoA and ATP (Experiment 1). However, in the 
absence of palmitoyl-S-CoA (Experiments 4 and 5), there is a 60 per cent 
decrease in incorporation. In the absence of CoA, ATP, and palmitoyl- 
S-CoA (Experiments 6 and 7), the esterification of cholesterol is reduced 
to approximately 5 per cent of that occurring in the complete system. 
The small amount of activity observed here is probably due to the action 
of small amounts of endogenous CoA present in the system which can 
form limited amounts of palmitoyl-S-CoA with the palmitic acid in the 
incubation medium. 

The experiments in Series II provide additional evidence in support 
of the theory that esterification of cholesterol with fatty acids proceeds 
through the intermediary formation of acyl CoA derivatives. In the 
absence of CoA, ATP, and sodium palmitate, with 1 umole of labeled 
palmitoyl-S-CoA, considerable esterification is observed (Experiments 8, 
9, 10, and 11). In fact, the incorporation of radioactivity is similar to 
that of the complete system in which 1-C'-cholesterol was used as the 
labeled material (Experiments 1 and 2). 

In the experiments in Series III both the sodium palmitate and the 
palmitoyl-S-CoA were labeled with C™. This double source of radio- 
activity probably accounts for the higher radioactivity obtained in the 
cholesterol ester fraction of the complete system in Experiments 12, 13, 
and 14. Again, in the absence of palmitoyl-S-CoA, CoA, and ATP 
(Experiment 19), the esterification obtained is negligible, in confirmation 
of Experiments 6 and 7. When CoA and ATP are added again into the 
system, approximately a 7-fold increase in esterification is noted (Experi- 
ments 15, 16, 17, and 18), similar to that observed in Experiments 4 
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TABLE I 
Esterification of Cholesterol with Palmitic Acid 


Distribution of radioactivity 
ete (c.p.m.)* in cholesterol esters 
| Experi- 


Incubation mixture No. 


Cholesterol | Palmitic 


Total fraction acid fraction 


(‘omplete system l 2008 2000 0 
fs “Jess CoA, ATP 2 1872 1668 0 

3 2150 2085 0) 

palmitoyl-S-CoA 4 825 800 0) 

5 800 796 0 

CoA, ATP, palmitoyl-S- 6 160 159 0 
CoA 7 95 92 0 


Series II. With palmitoyl-S-CoA labeled with 1-C!4-palmitie acidf 


Complete system less CoA, ATP, Na palmitate 


| g | 2510 22 
| 2560 2486 
| 2840 62 2658 
2150 62 2080 
Series IIT. With Na 1-C!*-palmitate§ and palmitoyl-S-CoA 
labeled with 1-C'4-palmitate| 
Complete system 12 3150 66 9914 
13 3010 122 2880 
14 3550 132 2950 
Complete system less palmitoyl-S-CoA 15 897 4 675 
16 800 | not determined 
17 920 
18 $73 
Complete system less CoA, ATP, palmitoyl-S- 19 133 
CoA 


| | 


The complete system contained 10 wmoles of ATP, 25 wmoles of CoA, 60 umoles 
of glutathione, 60 wmoles of MgCl., 100 wmoles of Nak, 1000 wmoles of potassium 
phosphate buffer (pH 7.2), 40 wumoles of sodium palmitate, 1 umole of palmitoyl-S- 
CoA, 1 ml. of cholesterol suspension (1 mg. per ml.), 2 ml. of liver homogenate, and 
water to a total volume of 8 ml. 

* Counts per minute per dish at infinite thinness. 

1.23 X& 10° e.p.m. 

11.0 X 10° e.p.m. 

$1.1 10° e.p.m. 

| 1.18 & 10° e.p.m. 


and 5. It is postulated that this activity is due to the activation of the 
palmitic acid in the incubation mixture by these cofactors. 


Series I. With 1-C'*t-cholesterol 
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When boiled enzyme was used in place of fresh rat liver homogenate, 
there was practically no synthesis, as was evidenced by the low activity 
obtained in cholesterol ester fractions (23, 20, and 42 ¢.p.m.) isolated 
from the mediui. 

The data on the distribution of radioactivity in the cholesterol and fatty 
acid fractions isolated after the hydrolysis of the esters show that, whereas 
none of the activity appears in the fatty acid when labeled cholesterol is 
used in the synthesis (Table I, Series I), a small amount of activity is 
always associated with the cholesterol fraction when unlabeled cholesterol 
and 1-C'-palmitate are employed (Table I, Series II and III). This 
might be explained as a result of the biosynthesis of small amounts of 
radioactive cholesterol from the 2-carbon fragments obtained in the break- 
down of 1-C'-palmitate. However, most of the activity in the ester 
appears in the fatty acid when 1-C'-palmitate was used and in the cho- 
lesterol fractions when labeled cholesterol was employed in the synthesis. 

It is therefore concluded that esterification of fatty acids by rat liver 
cholesterol esterase requires the cofactors CoA and ATP; no significant 
esterification is observed in the absence of these substances when an other- 
wise complete system, containing cholesterol and palmitic acid, is incubated. 
The esterification probably takes place in at least two steps, the first 
being the formation of the acyl CoA derivative which then combines. with 
the sterol to form the ester. The rate of esterification is much enhanced 
if acyl CoA derivatives are supplied to the medium. It is possible that 
the inability of Swell e¢ al. (18) to demonstrate activity of an enzyme for 
the esterification of cholesterol and higher fatty acids may very well be 
due to the omission of cofactors necessary for this reaction. 

Similar mechanisms have been proposed for the esterification of a- 
glycerophosphate (20) and recently by Weiss and Kennedy (23) for the 
formation of triglycerides from diglycerides. 


SUMMARY 


1. The presence of an enzyme in the rat liver capable of esterifying 
cholesterol with long chain fatty acids has been demonstrated with labeled 
cholesterol and labeled fatty acids. 

2. The esterification of 1-C'*-palmitic acid with cholesterol (or palmitic 
acid with 4-C'4-cholesterol) requires the presence of the cofactors co- 
enzyme A (CoA) and adenosine triphosphate (ATP). 

3. A mechanism for this esterification is presented. The esterification 
is thought to proceed in two steps: (1) the activation of the fatty acids by 
ATP to form the acyl CoA derivative and (2) a transesterification reaction 
in which the fatty acid exchanges its CoA group for the hydroxyl of cho- 
lesterol to form the cholesterol ester. 
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ESTERIFICATION OF CHOLESTEROL 


The authors are indebted to Dr. Bernard Axelrod and Dr. Paul Saltman 


for their advice in this investigation. 
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STUDIES ON SUCCINIC DEHYDROGENASE 


VIII. ISOLATION OF A SUCCINIC DEHY DROGENASE-FUMARIC 
REDUCTASE FROM AN OBLIGATE ANAEROBE* 
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THOMAS P. SINGER|| 


(From the Edsel B. Ford Institute for Medical Research, Henry 
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Studies of succinic dehydrogenase activity in microorganisms date back 
almost as far as studies of the enzyme in animal tissues. In fact, the re- 
versible oxidation of succinate to fumarate in whole cells of Escherichia 
coli was demonstrated in 1924 (2). In contrast to aerobes and facultative 
anaerobes, the presence and operation of the dehydrogenase in obligate 
anaerobes have not been clearly demonstrated. Yet, it has been known 
for many years that under anaerobic conditions the reduction of fumarate 
serves as the predominant electron acceptor mechanism for the oxidation 
of a large variety of metabolites in many facultative and obligate anaerobes 
(3). The identity of the electron acceptor enzyme operating in these 
instances, which has been provisionally named ‘fumaric reductase,’”! 
with succinic dehydrogenase has not been established, nor is it known how 
the passage of electrons occurs from the various donor dehydrogenases 
to “fumaric reductase.”’ 

In an effort to explore this important area of metabolism, Peck, Smith, 
and Gest! initiated a study of “fumaric reductase” of the obligate anaerobe 
Micrococcus lactilylticus. They found that in cell-free extracts of this 
organism the enzyme occurs in soluble form and that such extracts catalyze 
the reduction of fumarate to succinate far faster than the oxidation of 
succinate to fumarate, even when phenazine methosulfate or ferricyanide 
is used as an electron acceptor for succinate. Further, the reduction of 


* Supported by grants from the National Heart Institute, United States Public 
Health Service, and the American Heart Association, and by contract No Nonr 
1656 (00) between the Office of Naval Research, Department of the Navy, and the Edsel 
B. Ford Institute for Medical Research. A preliminary report has appeared (1). 

+t Fulbright Fellow. Permanent address, Medical-Biological Laboratory of the 
National Defence Research Council, T. N. O., Rijswijk, Holland. 

t Predoctoral Fellow, on leave of absence from the Department of Microbiology, 
Western Reserve University School of Medicine, Cleveland. 

§ Fulbright Fellow. Permanent address, Stazione Zoologica, Naples, Italy. 

|| Established Investigator of the American Heart Association. 

1 Peck, H. D., Jr., Smith, O. H., and Gest, H., Biochim. et biophys. acta, 25, 142 
(1957). 
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fumarate by this preparation was not inhibited by succinate and only 
slightly inhibited by relatively high concentrations of malonate. Clearly, 
these results could not be ascribed to the operation of a conventional 
succinic dehydrogenase, as it occurs in aerobic forms of life (4). Succinie 
dehydrogenase from aerobic yeast and mammalian sources catalyzes the 
oxidation of succinate faster than the reduction of fumarate; both processes 
are competitively inhibited by low concentrations of malonate, and in 
the reduction of fumarate succinate is a potent competitive inhibitor (4—7). 
In order to define the reasons for the striking differences in the properties 
of the enzyme from M. lactilyticus and from yeast and beef heart, it was 
decided to undertake a collaborative study of the bacterial enzyme between 
the Western Reserve University group and this laboratory. The present 
paper describes the isolation of the enzyme and demonstrates that the 
fumaric reductase and succinic dehydrogenase activities of M. lactilyticus 
are catalyzed by a single protein. The next paper in this series (8) deals 
with the chemical and enzymatic characterizations of the reductase. 


EXPERIMENTAL 


Materials—Methylviologen was purchased from Jacobson Van Den 
Berg and Company, 73 Cheapside, London, E. C. 2, England, and was 
used without further purification. Benzylviologen was obtained from 
The British Drug Houses, Ltd., and was recrystallized successively from 
the following solvents: methanol-acetone, n-butanol, and ethanol-ethyl 
acetate. The other dyes used in this work were as previously described 
(6). DPN,? DPNH, and FAD were products of the Sigma Chemical 
Company, crystalline ribonuclease of the Worthington Biochemical Cor- 
poration, and protamine sulfate of Ely Lilly and Company. 

Bacterial Cultures—M. lactilyticus, strain 221 (also called Vezonella 
gazogenes in the bacteriological literature), was grown in a lactate-peptone- 
yeast extract medium similar to that of Whiteley (9) in stationary cultures 
under nitrogen at 37°. The composition of the medium, per liter of solu- 
tion, was as follows: 20 gm. of Difco peptone, 2 gm. of yeast extract, 5 
gm. of NaCl, 2.5 gm. of K2zHPO,, and 20 gm. of sodium lactate. The pH 
was adjusted to 7.3 before autoclaving. Quantities of 80 to 110 liters 
of medium were grown in 5 gallon bottles; for larger volumes a commercial 
fermentor was utilized. After 20 hours the cells were harvested in a 


2 The following abbreviations are used: Tris, tris(hydroxymethyl)aminometh- 
ane; DPN, diphosphopyridine nucleotide; DPNH, reduced DPN; FMN, flavin 
mononucleotide; FAD, flavin adenine dinucleotide; FMNH2, reduced FMN; Vmax, 
maximal velocity at infinite concentration of a substrate or dye, derived from double 
reciprocal Lineweaver-Burk plots. 

3 We are grateful to Dr. Chester W. Christensen of the Difeo Laboratories, Ine., 
for use of the fermentor. 


y 
b 
él 
t 
b 
p 
t 
a 
u 
0 
a 
d 
Ue 
P 
t 
n 
ik 
h 
d 
b 
Dp 
n 
p 


al 
11¢ 


WARRINGA, SMITH, GIUDITTA, AND SINGER 99 


refrigerated Sharples centrifuge, resuspended in one-tenth the original 
volume of distilled water, and centrifuged again. 

Clostridium pasteurianum, strain W5, was grown on the medium described 
by Wilson et al. (10). Cell-free extracts, prepared by the method of Peck 
et al.,! served as the source of hydrogenase. The extracts were stored 
in the frozen state in an atmosphere of He. 

Methods—Protein was determined by the biuret method (11), by using 
the usual coefficient (optical density at 540 my, 1 em. light path, given 
by a solution of 1 mg. of protein per 3 ml. of reaction mixture) of 0.095. 
The experimentally determined value of the coefficient for the most highly 
purified sample was 0.0727, based on dry weight. Sedimentation velocity 
was measured in a Specialized Instruments Corporation analytical ul- 
tracentrifuge.4 For electrophoretic analyses the Perkin-Elmer model 38A 
apparatus was employed. 

Unless otherwise mentioned, succinic dehydrogenase activity was meas- 
ured in the standard phenazine methosulfate assay (12) at 30° except that 
0.05 m Tris buffer, pH 8.5, served as buffer. The rate of O. uptake was 
found to be independent of the concentration of phenazine methosulfate 
over a wide range. In routine assays of the rate of reduction of fumarate 
an adaptation of the method of Peck et al.! was employed. In this method 
H, uptake is measured manometrically in the presence of the dehydro- 
genase, fumarate, excess hydrogenase, and a suitable dye to link succinic 
dehydrogenase and hydrogenase. With benzylviologen, the dye employed 
in earlier work! as the electron carrier, double reciprocal plots of activity 
versus dye concentration gave erratic results and showed an extreme de- 
pendence of the activity on dye concentration (Fig. 1). Also there was 
invariably a break in the Lineweaver-Burk plot, indicating the presence 
of two dyes even in samples recrystallized several times. The slope of 
the curve at high dye concentrations varied from experiment to experi- 
ment and sometimes extrapolated to irrational values for Vmax (t.e. the 
intercept on the abscissa). Furthermore, no clear-cut saturation level 
could be obtained for the amount of hydrogenase to be used (lig. 2). In 
contrast, with methylviologen as carrier the results were highly reproduc- 
ible (Fig. 1), and a definite saturation level could be established for each 
hydrogenase preparation (Fig. 2). In the routine assay of fumaric re- 
ductase H. uptake was measured at 30° in the presence of 0.05 M phosphate 
buffer, pH 7.6, 0.01 m fumarate, excess hydrogenase (determined for each 
preparation, as in Fig. 2; usually 0.2 to 0.3 ml.), and varying levels of 
methylviologen in an atmosphere of H:. The dehydrogenase was in the 
side arm of 2 Warburg vessel; all other components were in’ the main 


‘The authors are indebted to Dr. ID. Basinsky of the Henry Ford Hospital for 
performing the ultracentrifuge experiments. 
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compartment. The vessels were gassed with H2 for 1 minute prior to 
addition of the hydrogenase in order to minimize inactivation of the latter 
by residual O.. After the addition of hydrogenase, gassing was continued 
for 3 minutes. Prior to tipping in the contents of the side arm, an equili- 
bration period of 15 minutes was allowed in order to insure cessation of 
Hz uptake (caused by reduction of the dye). After tipping, He uptake 


; 
i 
— MY. MY. 
BY, 
oO! 02 03 04 OS 
ML. HYDROGENASE 
Fic. 1 Fig. 2 


Fic. 1. Relation of dye concentration to observed velocity in assay of fumarate 
reduction. Conditions, standard assay conditions; 0.1 ml. of 1:10 diluted M lac- 
tilyticus extract before ribonuclease treatment (0.53 mg. of protein, specific activ- 
ity = 13.8 with methylviologen) and 0.2 ml. of C. pasteurianum extract (10 mg. of 
protein) per vessel. Observed velocity (v) = microliters of H2. uptake per 10 min- 
utes per ml. of M. lactilyticus extract. M.V., methylviologen; B.V., benzylviologen. 

Fic. 2. Relation of hydrogenase concentration to observed velocity in assay of 
fumarate reduction. Standard assay conditions, hydrogenase, as in Fig. 1, 50 mg. 
of protein per ml. The upper vellow layer separated in the first ultracentrifugation 
step served as source of the reductase (specific activity with methylviologen = 149), 
and each vessel contained 0.018 mg. of this fraction. 1/.V., methylviologen; B.V., 
benzvlviologen. 


was followed for 20 to 30 minutes, during which period the rate remained 
linear. The activity was calculated for infinite concentration of methyl- 


viologen (Vinax) from double reciprocal plots, as shown in Fig. 1. In view 
of the extremely high affinity of the enzyme for fumarate, the rate was 
independent of substrate concentration over a very wide range (8). For 
dilutions of the enzyme 0.4 per cent crystalline bovine serum albumin in 
0.05 mM phosphate, pH 6.4, was used. 

1 unit of activity is defined as 1 umole of O2 or Hz, uptake per 10 minutes 
in the standard assay, and specific activity equals units per mg. of protein. 
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Other assays of succinic dehydrogenase used in this work were as pre- 
viously described (6, 13). Diaphorase and xanthine oxidase (14) ac- 
tivities were measured spectrophotometrically by the reduction of 2,6- 
dichlorophenolindophenol (3.7 XX 107° mM) in 0.03 m phosphate buffer, 
pH 7.6, at 30°. DPNH oxidase was assayed spectrophotometrically by 
the disappearance of DPNH (10-‘ m) in the same buffer at 30°. Lactic 
and malic dehydrogenases were assayed by following the rate of reduction 
of DPN (107? m) at pH 7.6, and 30°, in the presence of 2 X 10-? m sub- 
strate and 1 XK 10-*m HCN. 


Results 
Isolation of Enzyme 


The following procedure has been found to be equally satisfactory for 
quantities of bacteria corresponding to 60 and to 400 liters of growth 
medium. Unless otherwise specified, all operations were conducted at 
0-3°, and glass-distilled water was used for all solutions. 

Extraction—400 liters of a suspension of M. lactilyticus cells were har- 
vested and washed as described above, resulting in 1125 gm. (wet weight) 
of hard packed bacteria. The cells were ground with alumina (Alcoa 
A-301, 2.5 gm. per gm. wet weight of cells) and extracted with 2 ml. of 
distilled water per gm. wet weight. The suspension was centrifuged for 
15 minutes at 3500 X g, and the supernatant solution was recentrifuged 
for 1 hour at 59,000 X g in the No. 21 rotor of the Spinco model L ultra- 
centrifuge; yield, 1420 ml. of crude extract containing 47 mg. of protein 
per ml. 

Ribonuclease Treatment—After dilution to a protein concentration of 
about 25 mg. per ml. with distilled water, the extract was incubated with 
150 mg. of ribonuclease per liter for 1 hour at 38° with occasional shaking. 
The extract was further clarified by centrifugation for 1 hour at 59,000 x 
g, and the clear supernatant solution was stored for 2 to 3 days at 
—20°. Storage in the frozen state for a few days usually facilitated sub- 
sequent manipulations; yield from 3000 ml. of crude extract = 2700 ml. 

Isoelectric Precipitation—Since speed was essential in this step, the 
material was worked up in lots not exceeding 500 ml., and the batches 
were combined after dialysis. 500 ml. of ribonuclease-treated extract 
were thawed, and any precipitate which had collected was removed by 
brief centrifugation at 32,000  g (Servall SS-1 centrifuge). The clear 
solution was carefully adjusted to pH 5.1 (at 0°) with 1 N HCl with vigorous 
stirring (about 8 ml. of 1 N HCl per 500 ml. of extract). The resulting 
precipitate was collected by centrifugation for 10 to 15 minutes at 3000 
g, homogenized in 100 ml. of water, and neutralized to pH 7.0 by dropwise 
addition of 1 N NH,OH (about 2 ml.) under vigorous stirring. The 
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solution was diluted to 125 ml. with water and clarified by brief centrifuga- 
tion at 32,000 X g, if necessary. 

Protamine Treatment—The solution was diluted with 20 per cent of its 
volume of 0.1 m Tris buffer, pH 8.3 (pH at 0°), and to the resulting solu- 
tion one sixth of its volume of 0.5 per cent protamine sulfate was added. 
After stirring for 10 minutes the precipitate was removed by centrifugation 
for 15 minutes at 3900 X g. 

Alkaline (NH 4)2SO4 Fractionation—The solution was fractionated by 
the addition of solid (NH4).SQ,, stirring for 15 minutes, and centrifugation 
at 32,000 X g after each addition. The following fractions were collected: 
0 to 0.3 saturation, 0.3 to 0.42 saturation, and 0.42 to 0.6 saturation. 
Each of the resulting precipitates was dissolved in a small volume of 0.005 
M phosphate, pH 7.0, and dialyzed for 2 hours against a large volume of 
the same buffer in narrow (0.25 inch) casings. The dialyzed fractions 
were frozen for storage overnight. 

(NH ,4)2SO,4 Fractionation at pH 6.0—The 0.3 to 0.42 fractions from dif- 
ferent batches were united and diluted with phosphate buffer, pH 6.0, 
to a protein concentration of 10 mg. per ml. and a phosphate concentration 
of 0.015 m. The brown solution was fractionated with neutral, saturated 
(NH,4)2S8O, solution in the following ranges: 0 to 0.355, 0.355 to 0.46, and 
0.46 to 0.56 saturation. Each fraction was stirred, centrifuged, and 
dialyzed as in the preceding step. The middle fraction, which had the 
highest specific activity, and contained most of the enzyme, was further 
purified; the other two fractions were saved for experiments not requiring 
enzyme of high purity. 

Calcium Phosphate Gel Treatment and Third (NH 4)2SO,4 Precipitation— 
The dialyzed enzyme from the 0.355 to 0.46 fraction was diluted with 
water to a protein concentration of 10 mg. per ml., and calcium phosphate 
gel (aged 1 to 3 months) was added dropwise in the amount of 0.75 mg. 
per mg. of protein. After stirring for 15 minutes the gel was removed by 
centrifugation and discarded. To the supernatant solution 0.15 mg. of 
calcium phosphate gel was added per mg. of protein at the beginning of 
the step. Stirring and centrifugation were repeated, and, to the remain- 
ing supernatant solution, solid (NH4)2SO,4 was added to 0.4 saturation. 
After stirring for 15 minutes the precipitated enzyme was collected by 
centrifugation at 32,000 X g, dissolved in a small amount of 0.005 m 
phosphate, pH 7.0, and dialyzed for 2 hours against the same buffer. The 
dialyzed enzyme was stored overnight in the frozen state. 

(Itracentrifugation—The enzyme was centrifuged for 1 hour in the No. 
40 rotor of the Spinco model L ultracentrifuge equipped with 4 ml. tubes 
(40 mm. in height) and thin bottomed Teflon microadapters so that 
the centrifugal force was 144,000 X g at the bottom of the tube. Three 
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well separated layers resulted: an upper yellow layer, comprising some 
three-fourths of the volume of the supernatant solution, a thin brown layer 
of solution over the pellet, and a dark brown pellet. The yellow fraction 
was carefully removed and discarded; the brown layer and pellet were 
diluted with 0.1 m NaCl in 0.005 m phosphate, pH 7.6, to the original 
volume before ultracentrifugation. Traces of insoluble material were 
removed by centrifugation for 15 minutes at 25,000 X g, and the clear 
brown solution was ultracentrifuged as before. The light yellow upper 
layer was removed and discarded; the bottom layer and pellet were diluted 


TABLE I 
Purification Procedure 

Initial ribonuclease-treated extract. ...|1,277,000. 20.8 (19,350! 0.315 | 66 
Precipitation at pH 5.1.. 868,000 40.6 (11,000; 0.515 79 
Protamine treatment. . 759,000; 42.0 (11,900; 0.66 63.7 
Ist (NH,4)2SO, precipitation, pH 8. 0, 

0-0.3.. 168,500 2.74 | 3,460 | 0.056 | 48.8 
Ist (NH,)2SO, precipitation, pH 8.0, 

0.3-0.42. 616,000, 78.6 17,600 | 2.23 35.2 
Ist (NH,) 2804, precipitation, pH 8.0, 

0.42-0.6. 27 , 400 612 44.8 
2nd (NH,) 280. precipitation, pH 6 6.0... plays 125 12,350 | 3.9 32.1 
Calcium phosphate gel. . .| 323,600 389 9,120 11.3 35.4 
3rd (NH4) 2804 precipitation. 700, 406 7,550 | 13.4 30.2 
Spinco pellet.. 920 837 3,440 | 21.4 39.0 


All specific activities are based on the arbitrary biuret coefficient of 0.095 (cf. 
under ‘‘Methods’’) except for the Spinco pellet, in which case dry weight was used. 
At that stage the biuret coefficient is 0.0727. 


and ultracentrifuged a third time for 1 hour. The colorless upper layer 
and the upper part of the brown solution over the pellet were removed, 
and the residue was taken up with NaCl-phosphate, as before, clarified 
by brief centrifugation at 25,000 X g, and stored in the deep freeze. This 
material is referred to as “Spinco pellet” in Table I. The total units and 
specific activities of a typical preparation are shown in Table I. 

The enzyme is considerably more stable than the succinic dehydrogenases 
of animal tissues (15) and yeast (16). On storage for 2 weeks at —20°, 


10 per cent or less inactivation was observed. No loss of activity oc- 
curred on dialysis for 24 hours at neutral pH. 

The purified enzyme was devoid of DPN-linked lactic dehydrogenase, 
xanthine oxidase, malic dehydrogenase, and DPNH oxidase when tested 
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at levels chosen to detect less than 0.1 per cent contamination with these 
enzymes. The last two of these enzymes were abundant in the ribonu- 
clease-treated extract. A trace of DPNH diaphorase was present in 
the purified enzyme (2.46 X 10-* umole of DPNH oxidized per minute 
per mg. by a preparation capable of reducing 26 uwmoles of fumarate per 
minute per mg.). Since the ratios of fumaric reductase to DPNH dia- 
phorase activities were >10,000 in the purified enzyme and 0.15 in the 
extract, it is difficult to decide whether the residual diaphorase activity 
represents a trace impurity or a reaction of the reductase itself, inherent 
in its flavoprotein nature (8). 


Electrophoresis and Sedimentation 


The sedimentation and electrophoretic patterns of the enzyme at the 
end of the purification procedure are shown in Fig. 3. A single sedi- 
menting component with a slight asymmetry was found in the analytical 
ultracentrifuge. The pattern observed in free electrophoresis at pH 8.6, 
uw = 0.1, further showed that a relatively high degree of homogeneity had 
been obtained. The variation of se with protein concentration is shown 
in Fig.4. The so extrapolated to zero protein concentration, 54S, is a very 
high value and indicates a molecular weight of several million. 


Identity of Succinic Dehydrogenase and Fumaric Reductase 


It is apparent from Table I that, particularly during the early part of 
the fractionation procedure, the ratio of fumaric reductase to succinic 
dehydrogenase activities is extremely high as compared with succinic 
dehydrogenases previously encountered. In fact, with benzylviologen as 
an electron carrier and without calculating Vmax values, Peck et al. found 
a value of 100 for this ratio.!. Also, this ratio changes significantly be- 
tween the extract and the first (NH4).SO, precipitate, although it remains 
constant thereafter (Table I). This type of apparent separation of the 
dehydrogenase has also been observed by Peck® in preliminary attempts 
at purification, but to an even more marked extent. In addition, as al- 
ready mentioned, it has been reported! that, while the oxidation of suc- 
cinate by extracts of this organism is malonate-sensitive, the reduction of 
fumarate is virtually insensitive to inhibition by malonate. These con- 
siderations raised the question as to whether the same enzyme is responsible 
for the two activities, at least in crude preparations.! 

The evidence that a single enzyme is responsible for dehydrogenase and 
reductase activities in this organism, as elsewhere (4), may be summarized 
as follows: From the first (NH,4).SO, step to the end of the purification 
procedure (Table I) the ratio of the two activities remained quite constant. 


5 Personal communication from Dr. Gest. 
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ASC. 
Ultracentrifuge Electrophoresis 


Fig. 3. Sedimentation and electrophoretic patterns of the enzyme. Conditions 
of ultracentrifugation, 13.0 mg. of protein per ml. (based on dry weight); solvent, 
0.1 wm NaCl-0.005 mM phosphate, pH 7.6; speed of rotor, 52,640 r.p.m.; average tempera- 
ture, 4.3°; bar angle, 45°. Conditions of electrophoresis, 14.0 mg. of protein per ml. 
(based on dry weight); solvent, Tris-NaCl, pH 8.6, ionic strength = 0.1; tempera- 
ture, 0°; current, 16 m.a. for first 25 minutes, 12 m.a. thereafter; picture taken at 75 
minutes after setting initial boundary. In both parts of the figure the degree of 
cross-hatching is proportional to the brown color of the enzyme. 


S20 
55+ 


45+ 


5 15 
PROTEIN, MG. PER ML. 
Fic. 4. Variation of seo with protein concentration. The most highly purified 
fraction was the enzyme used. Protein concentration is expressed on the basis of 
biuret coefficient of 0.095; on basis of dry weight the concentrations would be about 
20 per cent higher. Conditions as in ultracentrifugation experiment of Fig. 3, except 
as follows. At 2.5 mg. per ml., rotor speed = 42,040 r.p.m., temperature = 6°; at 
7.5 mg. per ml., rotor speed = 52,640, temperature = 5.4°; at 10 mg. per ml., rotor 
speed = 52,640, temperature = 4.3°; at 15 mg. per ml., rotor speed = 42,040, tempera- 
ture = 4.5°. The arrows around each experimental point indicate the spread corre- 
sponding to a 2 per cent minimal error. 
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The same constancy was observed in assays of ultracentrifugally separated 
fractions. Partial inactivation by heat, acid, or alkali had quantitatively 
the same effect on the dehydrogenase and reductase activities (Table IT). 

The apparent separation of the two activities during the early part of 
the isolation procedure is, at least in part, due to the presence of a sub- 
stance in crude preparations, which preferentially inhibits the oxidation 
of succinate, with very little or no effect on the reduction of fumarate under 


TABLE II 


Effect of Partial Inactivation on Succinic Dehydrogenase and 
Fumaric Reductase Activities 


| Inactivation 
Treatment | 

Fu — Su Su — Fu 

per cent per cent 
30 min. at pH 9.5, 25° 49 45 
79 83 
15 18 
| 34 | 36 
| 80 | 84 


| 


Conditions in the pH denaturation experiment, samples of the enzyme (first 
(NH4)2S0, precipitation, 0.3 to 0.42 fraction, 12.4 mg. per ml.) in 5 & 107% m phos- 
phate, pH 7.6, were adjusted at 0° with | m NH,OH or HCl to the desired pH and 
were similarly readjusted to pH 7.6 after incubation. Suitable aliquots were as- 
sayed with phenazine methosulfate (Vinax) for succinate oxidation and with 1.33 X 
10-3 m benzylviologen for fumarate reduction. In the thermal denaturation experi- 
ment, samples of the most purified enzyme (39.6 mg. of protein per ml.) in 0.1 M phos- 
phate, pH 7.6, were treated as described, and, after cooling and centrifugation, 
aliquots were assayed with phenazine methosulfate and methylviologen under stand- 
ard conditions. 


the experimental conditions. Indications of the removal of an inhibitor 
in the first (NH4)2SO,4 step are found in Table I, wherein the recovery of 
the reductase activity in the total of the three fractions (0 to 0.3, 0.3 to 
0.42, and 0.42 to 0.6 saturation) is quantitative, within the limits of error, 
but the yield of dehydrogenase activity is 180 per cent. Recombination 
of the three fractions resulting from this step indicated that the 0.42 to 
0.6 fraction depressed the activity of the other two fractions. The in- 
hibitor was also present in the supernatant liquid from protamine treat- 
ment. It was not readily dialyzable and remained in the supernatant 
solution on boiling for 5 minutes and removal of the coagulated protein. 
At least a part of the inhibitor is apparently not completely precipitated 
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by 0.6 saturated (NH4)2SO,4. In a preliminary experiment the inhibitor 
present in a boiled 0.42 to 0.6 fraction was found to depress the succinic 
dehydrogenase activity (with phenazine methosulfate as acceptor) of 
Keilin-Hartree preparations (17, 18), without a noticeable effect on the 
rate of reduction of fumarate (with FKFMNHz, as donor) by the enzyme 
preparation. 

Further evidence that the dehydrogenase and reductase activities of M/. 
lactilylicus are the functions of one protein moiety came from the demon- 
stration that the same chromogenic grouping in the enzyme is reduced by 
succinate and oxidized by fumarate, as detailed in Paper LX (8). Further, 
as documented in Paper LX, fumarate is an excellent competitive inhibitor 


TABLE III 
Reactivity with Electron Carriers 
Electron carrier Relative rate based on Vmax values 
Phenazine methosulfate.. 100 


The rates refer to the activities of the most purified fraction at 30°, pH 7.55 (pH 
optimum for fumarate reduction), and are expressed in terms of moles of succinate 
oxidized or fumarate reduced per unit of time, with the activity in the presence of 
phenazine methosulfate taken as 100. At pH 8.3 (optimum for succinate oxidation) 
the rates of the forward reaction are 1.6 times higher than those shown here. 


for succinate oxidation by the enzyme, and the apparent lack of competi- 
tive inhibition of fumarate reduction by succinate and malonate may be 
ascribed to the unusually low Michaelis constant of the enzyme for fuma- 
rate and unusually high A,, value for succinate and AK; for malonate. 


Reactivity with Electron Carriers 


Table III summarizes the relative maximal reaction velocities of the 
enzyme with various electron donors and acceptors. The bacterial enzyme 
reacts with various electron acceptors at very similar rates, in contrast 
to its counterpart in animal tissues and yeast (4). The considerable dif- 
ference in the reaction velocities with FMNHz, and leucomethylviologen 
focuses attention on the possibility that the relative ratios of the forward 
and reverse reactions demonstrated in Table I may be primarily functions 
of the assay systems and may not be representative of the maximal ve- 
locities of succinate oxidation and fumarate reduction, respectively, by 
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this enzyme. Possibly, in the presence of suitable electron carriers higher 
velocities could be attained in either direction of catalysis. 
DISCUSSION 

The evidence presented in this and in Paper IX (8) points to the con- 
clusion that the succinic dehydrogenase and fumaric reductase activities 
of M. lactilyticus are catalyzed by one enzyme. Since the same conclusion 
has been reached for yeast and animal tissues (4-6), at present there re- 
mains no evidence to support the existence of unidirectional fumaric 
reductases, incapable of catalyzing the oxidation of succinate. The 
enzyme described here differs in many important respects, however, from 
the succinic dehydrogenases of yeast, animal tissues, and of facultative 
anaerobes (19). The much greater reaction velocity of the enzyme from 
M. lactilyticus in the direction of fumarate reduction than of succinate 
oxidation (at least with electron carriers so far tested) is in accord with 
the physiological needs! of this strict anaerobe. 

Although the reductive process is much more rapid than the oxidative 
one, the succinic dehydrogenase activity of this enzyme is not inconsider- 
able. At 30° the Qo, of succinate oxidation (based on dry weight) is 
2900 and at 38° 5660 with phenazine methosulfate as acceptor, or about 
one-fourth of the Qo, of the beef heart enzyme (15) and somewhat less 
than a third of the estimated Qo, of the pure yeast enzyme (16). The 
turnover number of the J/. lactilyticus enzyme in succinate oxidation at 
38°, calculated per mole of FAD (8) and assuming one active site per flavin, 
is 2590, while that of the beef heart enzyme is 3500 (15). Thus it would 
be equally justifiable to call the enzyme from AM. lactilyticus a succinic 
dehydrogenase or a fumaric reductase. 

Another point which merits consideration is whether the enzyme de- 
scribed is a discrete protein molecule or a molecular aggregate. This 
question cannot be decided in a definitive way, since there is no single, 
generally accepted criterion to distinguish between the alternatives. The 
sedimentation velocity of this enzyme is much higher than that of other 
known flavoproteins and may be in the range of particulate entities, al- 
though it is not unique among soluble oxidizing enzymes in this respect 
(20, 21). On the other hand, it appears monodisperse in electrophoresis 
and behaves as a discrete protein in true solution, in the sense that it can 
be purified by classical methods of protein fractionation, unlike truly partic- 
ulate entities such as the succinic dehydrogenase complex of Green et al. 
(22). 


SUMMARY 


1. The succinic dehydrogenase of the obligate anaerobe, Micrococcus 
lactilyticus, has been isolated in a state approaching homogeneity as judged 
by physicochemical criteria. 
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2. The enzyme catalyzes the reduction of fumarate to succinate, with 
reduced methylviologen as the electron donor, thirty-five times faster than 
the oxidation of succinate with phenazine methosulfate as the acceptor. 
This property of the enzyme is in contrast to the behavior of succinic 
dehydrogenase from animal tissues and yeast, which catalyzes the oxidation 
of succinate faster than the reduction of fumarate. 

3. The relative maximal reaction velocities of the enzyme with a series 
of electron carriers have been determined. 

4. Although the enzyme behaves as a discrete, soluble protein through- 
out fractionation and in electrophoresis, it has an unusually high sedi- 
mentation velocity (s2»9 = 548, extrapolated to zero protein concentration). 
The implications of these findings have been discussed. 
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STUDIES ON SUCCINIC DEHYDROGENASE 


IX. CHARACTERIZATION OF THE ENZYME FROM 
MICROCOCCUS LACTILYTICUS* 


By M. G. P. J. WARRINGAT anv A. GIUDITTAt 


(From the Edsel B. Ford Institute for Medical Research, Henry 
Ford Hospital, Detroit, Michigan) 
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Paper VIII described the isolation of succinic dehydrogenase from the 
obligate anaerobe, Micrococcus lactilyticus (1). The enzyme differs from 
its more familiar counterparts in animal tissues and in yeast in having a 
very high molecular weight and in catalyzing the reduction of fumarate 
much more rapidly than the oxidation of succinate. The present paper 
deals with the chemical constitution and the enzymatic characterization of 
the dehydrogenase. 


EXPERIMENTAL 
Materials and Methods 


The apoenzyme of b-amino acid oxidase was prepared by the procedure 
of Negelein and Brémel (2). p-Chloromercuribenzoie acid was a product 
of the Sigma Chemical Company. ‘Trypsin and chymotrypsin were pur- 
chased from the Worthington Biochemical Corporation. 

Total iron was determined by the method of Peterson (3) and inorganic 
iron by a modification (4) of the o-phenanthroline method. Differential 
fluorometry of flavin nucleotides was performed according to the procedure 
of Burch et al. (5) in a Farrand fluorometer. For spectrophotometric 
experiments the Process and Instruments Company model RS-3 recording 
instrument was employed. All enzyme activities reported refer to maxi- 
mal velocity at infinite electron carrier concentration: reduced methyl- 
viologen in fumarate reduction and phenazine methosulfate in succinate 
oxidation. Other materials and methods were as described or referred 
to in Paper VIIT (1). 


* Supported by grants from the National Heart Institute, United States Public 
Health Service, and the American Heart Association, and by contract Nonr 
1656(00) between the Office of Naval Research, Department of the Navy, and the Icd- 
sel B. Ford Institute for Medical Research. 

t Fulbright Fellow. Permanent address, Medical-Biological Laboratory of the 
National Defence Research Council, T. N. O., Rijswijk, Holland. 

t Fulbright Fellow. Permanent address, Stazione Zoologica, Naples, Italy. 
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Results 


Flavin Content—The flavin component of the succinic dehydrogenases of 
beef heart and yeast appears to be bound in strong covalent linkages to 
the protein, so that thermal or acid denaturation fails to liberate it (6-9). 
In fact, the only method found for the separation of the flavin from the 
bulk of the protein in these cases was extensive proteolytic digestion (6-10). 
In contrast, the flavin moiety of the enzyme from M. lactilyticus is quanti- 
tatively liberated from the protein by trichloroacetic acid in the cold or by 
boiling. The residual protein, after suitable washing, contains no flavin, 
as may be readily ascertained by digestion of the denatured protein with 
trypsin (or trypsin plus chymotrypsin). The resulting digest is devoid of 
color and fluorescence attributable to flavins. 

In the experiments summarized in Table I the most highly purified prep- 
aration (end of differential ultracentrifugation step (1)) was deproteinized 


TABLE I 
Flavin Content 


Method Mg. umole 
Light absorption at 450 my. . 456 
FAD determination with p-amino 460 
Fluorescence after acid hydrolysis............................ 353 


* Protein was determined by dry weight, following extensive dialysis. 


with cold 5 per cent trichloroacetic acid, and the supernatant solution was 
immediately neutralized with 0.5 Mm K:sHPO,. The spectrum of the 
resulting solution agreed well with that of an authentic sample of FAD! 
and, from the molar extinction coefficient of the latter compound, e450 = 
11.3 X 10% em.? mole, the molarity of the unknown solution was cal- 
culated to be 1.23 K 10-°> mM. Determination of the FAD activity of the 
solution in the manometric p-amino acid oxidase test (11) gave a value of 
1.24 K 10-5 m. Determination of the fluorescence of the solution before 
and after acid hydrolysis (5) indicated a total flavin content of 1.59 & 10-5 
M and the increase of fluorescence on hydrolysis further identified the flavin 
as FAD. The higher flavin content found by this method is probably 
attributable to the presence of a trace of fluorescent material which was 


1The following abbreviations are used: EDTA, ethylenediaminetetraacetate; 
FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; Tris, tris(hydroxy- 
methyl)aminomethane; Vmax, extrapolated maximal velocity at infinite concentra- 
tion of electron carrier or substrate, derived from double reciprocal Lineweaver- 
Burk plots. 
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not quenched by hydrosulfite. In Table I these results on the flavin con- 
tent of the enzyme by the three different methods are compared. The 
minimal molecular weight of 460,000, calculated from these data, when 
contrasted with the molecular weight of several million, indicated by the 
sedimentation constant (1), suggests the presence of several moles of FAD 
per mole of enzyme. 

For further identification of the flavin as FAD, aliquots of the trichloro- 
acetic acid extract of the enzyme were chromatographed on Whatman No. 
1 filter paper by the ascending technique in f¢ert-butanol-H2O (60:40) and 
in n-butanol-acetic acid-H,O (4:1:5). No riboflavin or FMN was de- 
tected, but a considerable amount of material with an R, value identical 
with that of FAD was present. In addition, a trace of unknown material 
with a fluorescence unlike that of flavins was detected, in confirmation of 
the observations in the quantitative fluorometric measurements. 

In order to assure that liberation of the flavin by trichloroacetic acid 
extraction was complete, the virtually colorless residue from the acid 
precipitation was neutralized to pH 7.6 and digested for 90 minutes with 
one-tenth of its weight of crystalline trypsin and of chymotrypsin. The 
proteolytic digest was deproteinized with 8 per cent trichloroacetic acid. 
The clear supernatant solution was devoid of fluorescence before or after 
acid hydrolysis, and, although slightly colored, it showed no flavin bands 
and the color was not bleached by hydrosulfite. Thus trichloroacetic acid 
extraction had removed al! of the flavin from the enzyme. 

Tron Content—The total iron content of the enzyme, determined after 
wet ashing, by the 4,7-diphenyl-1 ,10-phenanthroline method (3) indicated 
the presence of 1 umole of Fe per 11.5 mg. of protein or 40 moles of Fe 
per mole of flavin. The iron content of a 5 per cent trichloroacetic acid 
extract of the enzyme was 1 umole per 16.7 mg. of protein or 27 moles of 
le per mole of flavin. Thus only a part of the iron content is liberated by 
cold trichloroacetic acid, in contrast to beef heart and yeast succinic 
dehydrogenases, whose iron components are readily liberated in inorganic 
form by acid or thermal denaturation (4, 8). The slight color detected in 
the trichloroacetic acid-extracted precipitate of the M. lactilyticus enzyme 
then may have been due to residual Fe-protein bonds. 

While the iron content of the enzyme is relatively high for a metal flavo- 
protein (almost 0.5 per cent), even on a protein basis, when calculated per 
mole of flavin, the figure becomes exceedingly high because of the unusually 
low flavin content per gm. of protein. It should be emphasized that, 
despite extreme care in the use of glass-distilled water and metal-free 
reagents throughout the purification, the possibility that a part of the 
iron content is not an integral part of the enzyme cannot be excluded. 
Since a complex medium, abundant in iron, had been used for the growth 
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of the organism (1), the metal may have been attached to the protein 
prior to extraction of the enzyme, and subsequent purification of the latter 
may have failed to remove the iron. The possibility that at least a part of 
the iron content is due to this type of contamination is somewhat lessened 
by the following observations. Spectrographic analysis? of the enzyme 
revealed that other metals, which may be expected to be present in the 
growth medium in significant amounts, were either completely absent 
(Zn, Mo, Mn) or were present only in trace amounts (Cu, Al). The only 
metals detected in appreciable quantity were Fe, Mg, and Ca; the latter 
may have come from the calcium phosphate gel used in the purification. 
Further, dialysis against iron-chelating agents (10-? m HCN, 10-* m o-phen- 
anthroline, and 10-* Mm DTA) caused only an insignificant (5 to 6 per 
cent) decrease in the iron content of the enzyme. 

Absorption Spectrum—The absorption spectrum of the enzyme, as 
isolated (oxidized form), is reproduced in Fig. 1. Except for the usual 
protein band in the vicinity of 270 my, it is devoid of characteristic maxima 
or minima; the absorption decreases gradually over the entire near ultra- 
violet and visible region with increasing wave length. The inset in Fig. 1 
shows the difference spectra obtained after reduction of the enzyme with 
succinate and hydrosulfite, respectively. The same maximum, centering 
around 400 my, and practically the same extent of bleaching were produced 
by both reducing agents. While the reduction in the presence of excess 
hydrosulfite was rapid, reduction by the substrate was a slow process, 
which took approximately 30 minutes at 30° to reach completion and 
progressed as a zero order reaction, with no tendency to show an initial 
rapid phase, as happens with some other flavoenzymes (12, 13). The 
process of bleaching is relatively readily reversed by shaking the reduced 
enzyme in air and much more readily reversed by fumarate (lig. 2); thus 
the enzyme is somewhat autoxidizable. 

In the experiment reproduced in Fig. 2 recolorization of the hydrosulfite- 
bleached enzyme by fumarate was not entirely complete, although the 
Aeqio Succinate and Aegio fumarate values, representing the extent of bleach- 
ing and recolorization by the two substrates, respectively, were in fair 
agreement. Since the enzyme used in these experiments had undergone a 
slight inactivation on storage, the difference in the absorption at 410 my 
before hydrosulfite treatment and after reoxidation by fumarate may 
represent inactive enzyme. 

No definite statement can be made on the identity of the grouping which 
undergoes reduction by succinate and reoxidation by fumarate, with the 
difference spectrum shown in Fig. 1. The FAD concentration in the 


2 The authors are indebted to the Scientific Laboratories of the Ford Motor Com- 
pany for this analysis. 
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enzyme sample used in these experiments was 2.9 X 1077 M, corresponding 
to an optical density of 0.003 at 450 mg, as calculated from the usual 
molar extinction coefficient (11.38 xX em.? mole,) whereas at the 
maximum of the difference spectrum the reduction by hydrosulfite caused 


EAio 


HS 
0.4 


FUM 


0.2 


1 Fig. 2 


Fic. 1. Absorption spectrum of succinic dehydrogenase from M. lactilyticus. 
Abscissa, wave length in millimicrons; ordinate, optical density in lem. light path. 
The figure is replotted from a recording spectrophotometer record. The inset shows 
the difference spectra obtained on reduction. Conditions, 0.15 ml. (4.2 mg.) of en- 
zyme, purest preparation, specific activity = 840, 1.5 ml. of 0.2m Tris buffer, pH 8.3, 
and H.O in a final volume of 3.1 ml. In the measurement of the difference spectra 
solid hydrosulfite or 0.03 ml. of 1 M succinate was added, and the spectrum was meas- 
ured after completion of the reduction. 

Fic. 2. Reoxidation of reduced enzyme by fumarate. Experimental conditions 
as in Fig. 1, except that a Beckman DU spectrophotometer, equipped with anaerobic 
cells and temperature-controlled at 30°, was used. The side arm contained 0.1 ml. 
of 1 mM fumarate. After evacuation of the cell and refilling with Ov-free Ne gas, 
0.01 ml. of 4 per cent sodium hydrosulfite was added (HS). At the point indicated 
(FUM), the fumarate was tipped in from the side arm. 


a change in optical density of 0.165. Further, the maximum of the differ- 
ence spectrum is too far removed from the absorption peak of free FAD to 
be explained as the type of spectral shift commonly observed in flavo- 
proteins. Since the spectral changes on oxidation and reduction thus 
cannot be ascribed to the FAD content of the enzyme, and since iron is 
the only other constituent known to be present, it is possible that the differ- 
ence spectrum (and a large part of the color of the enzyme) is due to 
iron-protein bonds. <A corollary of this explanation would be that the 
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enzyme is isolated in the ferric furin and that some of the iron moieties are 
reduced by succinate and reoxidized by fumarate, 7.ec. that they might 
participate in electron transport. ‘There is, however, no direct evidence 
available as yet to support this possibility, since experiments designed to 
test the point failed to provide evidence for or against the hypothesis 
(cf. below). It must be emphasized that the observations reported cannot 
be considered evidence against the role of the flavin in the action of the 
enzyme, since the color contributed by the flavin is too small a fraction 
of the total color to permit the detection of a flavin band in the difference 
spectrum. 

Michaelis Constants—It has been reported by Peck, Smith, and Gest? 
that, while the oxidation of succinate by crude extracts of A/. lactilyticus 
is inhibited competitively by low concentrations of malonate, the reduction 
of fumarate is only slightly inhibited by relatively high concentrations of 
malonate and is not inhibited but stimulated by succinate. Since the 
reduction of fumarate and the oxidation of succinate have now been shown 
to be the function of a single enzyme in this organism (1), an explanation 
of the curious observation of Peck et al. was sought in the Michaelis con- 
stants of the enzyme for its substrates and for malonate. 

As documented in Fig. 3, fumarate and malonate are efficient competitive 
inhibitors of the enzyme, acting in the direction of succinate oxidation. 
The Michaelis constants at pH 7.6, and 30°, calculated from these data are 
as follows: A,, for succinate = 5.3 X 10-° M, A; for malonate = 2.3 X 
m, and K, for fumarate = 2.2 The relative insensitivity 
of the manometric method employed for the assay of fumarate reduction 
and the high affinity of the enzyme for fumarate prevented accurate esti- 
mation of the A, for fumarate and of the A, values for malonate and succi- 
nate in the fumaric reductase reaction. 

The K,, of the M. lactilyticus enzyme for succinate and the A, for mal- 
onate are an order of magnitude larger, whereas the K, for fumarate is 
about 4 times smaller, than the corresponding constants of the succinic 
dehydrogenases of animal tissues and yeast (4, 13, 14). In view of these 
facts, concentrations of malonate sufficient to cause extensive inhibition 
of succinate oxidation by the M. lactilyticus enzyme, and of succinate 
oxidation as well as of fumarate reduction by succinic dehydrogenases 
from animal tissues and yeast, would not be expected to inhibit significantly 
the reduction of fumarate by the bacterial enzyme, provided that substrate 
concentrations (0.01 m or higher) of fumarate were present. As expected, 
however, at malonate-fumarate ratios of 5 or greater, extensive inhibition 
of fumarate reduction could be observed. The same considerations would 


3 Peck, H. D., Jr., Smith, O. H., and Gest, H., Biochim. et biophys. acta, 25, 142 
(1957). 
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readily explain why succinate fails to inhibit the reduction of fumarate 
when the two substrates are present at comparable concentrations. 

The stimulation of fumarate reduction by succinate is quite another 
matter, however. The authors have been able to confirm the finding of 
Peck et al.’ that the inclusion of 0.01 Mm succinate in the reaction mixture 
employed in the assay of fumarate reduction produces a stimulation, vary- 
ing in extent up to 50 per cent. This type of stimulation has been observed 
with crude as well as in extensively purified preparations. The explanation 
of the phenomenon is not at all clear. Superficially, it resembles the 
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Fic. 3. Influence of succinate concentration on velocity and competitive inhibi- 
tion by fumarate and malonate. Conditions, phenazine methosulfate assay at pH 
7.6, and 30°; the enzyme used was a partially purified preparation; specific activity = 
218. Abscissa, reciprocal molarity of succinate; ordinate, reciprocal velocity, the 
latter being expressed as microliters of O2 uptake per 5 minutes. 


activation of beef heart succinic dehydrogenase by succinate, which has 
been shown to entail the transformation of the enzyme from a catalytically 
less active to a more active form (15). There is no evidence to suggest, 
however, that the effects of succinate on these two enzymes are identical. 

pH-Activity Relations—The influence of pH on the succinic dehydroge- 
nase and fumaric reductase activities of the enzyme are shown in Fig. 4. 
In the direction of succinate oxidation a single sharp optimum was observed 
at pH 8.3 (at 30°). The activity appeared to be independent of the nature 
of the buffer employed. The pH optimum observed is considerably 
higher than the value reported for the beef heart (4) and yeast (13) en- 
zymes. 

In the direction of fumarate reduction two pH optima were noted, one at 
pH 5.5 and the other at pH 7.5 to 7.6. Since, to the authors’ knowledge, 
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there is no well authenticated instance in the literature of a highly purified 
enzyme with two pH optima when acting on a single substrate, this observa- 
tion might be interpreted as suggesting the presence of two enzyme species. 
It would be very difficult, however, to reconcile such an interpretation 
with the fact that the relative activities at various pH values remained 


5 
he) 
> 
|O0F 
Te) 
80 
I 
_j 6OF 
=z 5 
= 20h 
/ 
tJ pH AT 30° 30 60 90 
I/METHYL VIOLOGEN 
Fia. 4 Fia. 5 


Fic. 4. pH-activity relations. OQ, fumarie reductase activity assayed at 1.03 X 
10°* m concentration of benzylviologen; enzyme, specific activity = 218. O, fumarie 
reductase activity with methylviologen as carrier; enzyme, specific activity = 376. 
X, succinic dehydrogenase activity in the presence of 2.4 X 10-3 m phenazine metho- 
sulfate as acceptor; enzyme, specific activity = 279. Except as noted, standard 
assay conditions were used. The pH values noted on the abscissa refer to the pH 
of the reaction mixture at 30°. The following buffers were used: pH 5 to 6, 0.05 M 
acetate; pH 6 to 6.5, acetate-phosphate, each at 0.05 M concentration; pH 6.5 to 7.8, 
0.05 Mm phosphate; pH 7.5 to 8.5, 0.05 M Tris; pH 8.5 to 9.5, Tris-glyecine, each at 0.05 
M concentration. 

Fic. 5. Dependence of apparent affinity of succinic dehydrogenase for methy!- 
viologen on pH. The dye concentrations noted on the abscissa are reciprocal mo- 
larity. Standard assay conditions for fumarate reduction. O, at pH 7.6 inphosphate 
buffer; X, at pH 5.2 in acetate buffer. 


constant throughout the purification procedure as well as after partial 
denaturation by heat, acid, and alkali. 

The appearance of a dual pH curve is clearly a property of the enzyme 
and not a consequence of variations of the affinity of the enzyme for 
fumarate or electron donor with pH, in view of the following considera- 
tions. The relative activities at pH 5.5, 6.3, and 7.6 were the same at all 
fumarate concentrations tested. Further, although the apparent affinity 
of the enzyme for methylviologen varies considerably with pH (Fig. 5), 


— ~ 
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this circumstance does not affect the pH-activity curve shown in Fig. 4, 
since the activities in the methylviologen assay are Vmax values. Also, 
the same two pH optima were observed when benzylviologen was sub- 
stituted for menthylviologen as electron carrier (Fig. 4). 


TaBLeE II 
Effect of —SH Inhibitors 
Inhibition 
Inhibitor 
Su — Fu* Fu — Sut 
per cent per cent 
p-Chloromercuribenzoate............ 0.03 52 0 
0.06 61 0 
0.15 77 0 
0.23 5 
0.90 100 
7.66 100 61 
ks 38.3 100 100 
p-Chloromercuripheny! sulfonate. .. . 0.90 100 <5 
7.66 100 60 
sé 38 3 100 


* Assayed with 7 X 10-4 M methylene blue as electron acceptor in place of phen- 
azine methosulfate in order to avoid the need for the addition of HCN, which re- 
verses the action of mercurials. 

t Assayed with 5.2 X 107? m methylviologen as carrier; not Vmax values. 

Conditions, standard assay at 30°, except as noted above. The inhibitor, the 
dehydrogenase, and 0.4 mg. of serum albumin (to stabilize the enzyme (1)) were 
placed in the side arms of Warburg vessels and incubated for 5 minutes at room 
temperature and for 15 minutes at 30° (equilibration) in a total volume of 0.3 ml. 
in the presence of 0.05 m phosphate buffer, pH 7.6, prior to the start of the reaction. 
In succinic dehydrogenase assays (Su — Fu) 0.264 mg. of enzyme, specific activity = 
600, and in fumarie reductase assays (Fu — Su) 0.011 mg. of enzyme of the same 
purity were used. 


—SH Inhibitors—The oxidation of succinate by the enzyme from M. 
lactilyticus is completely inhibited by low concentrations of organic mer- 
curials (Table II). In the presence of sufficient p-chloromercuribenzoate 
to cause 50 per cent inhibition (0.03 umole per mg. of enzyme), delayed 
addition of 10 equivalents of glutathione sufficed to relieve the inhibition 


4 The difference in the shapes of the two pH curves for fumarate reduction (Fig. 4) 
is not necessarily significant, since the figures for the methylviologen curve are based 
on Vmax Values, whereas those for benzylviologen are based on the use of a single dye 
concentration, because the measurement of Vmax values proved impossible with the 
latter dye (1). 
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completely. As is the case with most —SH enzymes, iodoacetamide 
was a much less potent inhibitor than mercurials. 

In contrast to the pronounced inhibition of succinate oxidation by 
—SH-combining reagents, the reduction of fumarate was much less sensi- 
tive to inhibition; in fact, 50 per cent inhibition of fumarate reduction 
required some 200 times as much p-chloromercuribenzoate as 50 per cent 
inhibition of succinate oxidation (Table IJ). The lesser sensitivity of the 
enzyme to —SH reagents when working in the direction of fumarate 
reduction could not be readily explained by a low K,, for fumarate (and 
consequent protection by the substrate) since a ten-fold change in fumarate 
concentration failed to affect the extent of inhibition by p-chloromercuri- 
benzoate. Reversal of the inhibition by —SH proteins present in the 
crude hydrogenase preparation employed in the fumaric reductase assay 
also seems to be an unsatisfactory explanation, since the inhibition by 
p-chloromercuribenzoate was constant over a four-fold change in hydrogen- 
ase concentration. 

At a concentration of p-chloromercuribenzoate sufficient to cause 60 
per cent inhibition of fumarate reduction (7.7 wmoles of inhibitor per mg. 
of enzyme), addition of 10 equivalents of glutathione, following contact 
for 20 minutes between enzyme and mercurial, gave incomplete (57 per 
cent) reversal of the inhibition. Incomplete reactivation of —SH enzymes 
is not unusual, however, at relatively high concentrations of organic 
mercurials, as was employed here. 


DISCUSSION 


The succinic dehydrogenase of M. lactilyticus differs in many important 
respects from its counterparts in animal tissues and yeast. Unlike the 
latter, the bacterial enzyme does not appear to be tightly bound to in- 
soluble cell fragments; it has a much higher molecular weight, a very 
different specificity pattern for electron carriers, different Michaelis con- 
stants for substrates and inhibitors, and a considerably greater velocity 
in the reduction of fumarate than in the oxidation of succinate. The 
flavin content of the MM. lactilyticus enzyme is rather low, and the FAD 
moiety is readily released by denaturation; in the dehydrogenases from 
animal tissues and yeast the flavin content is higher, and the FAD is much 
more strongly attached to the protein (6-8). The iron content of the 
animal and yeast enzymes is 4 atoms per mole of FAD and is readily 
liberated on denaturation (4, 13); in the enzyme described here the 
iron-FAD ratio is 10 times higher, and the full complement of iron is not 
released on denaturation. While in fact —SH groups appear to be neces- 
sary for the activity of succinic dehydrogenase from all these cells, the 
mammalian and yeast enzymes are inhibited to about the same extent in 
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either direction of their activities by —SH reagents (13, 14), whereas 
the behavior of the enzyme from M. lactilyticus is quite anomalous in this 
regard. Finally, the bacterial enzyme differs from the other two in its 
stability, pH-activity relations, and absorption spectrum. These differ- 
ences should not be taken to indicate that the enzyme from A/. lactilyticus 
is exceptional in deviating from the general pattern of succinic dehydrogen- 
ases, since generalizations about this group of enzymes are usually based 
on the properties of the enzyme from higher animals. In fact, a study of 
succinic dehydrogenases from Propionibacterium pentosaceum® and from 
Proteus vulgaris has revealed numerous differences from both the mam- 
malian enzyme and the one from M. lactilyticus (16). It is worth emphasiz- 
ing in this connection that inhibition by malonate, frequently used as a 
test for the operation of succinic dehydrogenase and of the Krebs cycle in 
metabolic systems, would be particularly misleading when applied to M. 
lactilyticus because of the unusually low affinity of the enzyme for malonate 
in this organism. 

In regard to the mechanism of action of the enzyme described, the 
experiments cited in this and in Paper VIII (1) permit no definite conclusions. 
There is no evidence for or against the participation of the flavin in the 
oxidation-reduction catalyzed by the enzyme. On the assumption that 
a large part of the color of the enzyme is due to the presence of iron, the 
bleaching by succinate and recolorization by fumarate suggest the possible 
participation of iron in electron transport. As already noted, there is no 
independent evidence to support this interpretation. Incubation of the 
enzyme with or dialysis against EDTA, cyanide, and o-phenanthroline 
failed to produce significant inhibition of the activity, and on prolonged 
dialysis (24 hours) o-phenanthroline protected against, rather than caused, 
inactivation. As discussed elsewhere (17, 18), however, studies on the 
effect of iron-chelating agents have failed to yield clear-cut evidence for 
the functional role of the metal in any iron-flavoprotein, and, in fact, 
direct proof for the catalytic role of the iron is still lacking for this entire 
group of enzymes. 

In the absence of definite knowledge of the sequence of events in the 
catalytic cycle of the enzyme from M. lactilyticus, speculations concerning 
the reason for the differential inhibition of the dehydrogenase and reductase 
activities by —-SH reagents or by the inhibitor present in crude preparations 
of the enzyme (1) may be premature, since there is no reason to suppose 
that the events of electron transfer are identical in the two assays. Dif- 
ferential loss of the activity after various treatments in one direction of 
catalysis, with very little loss in the other direction, has been noted before 
with the beef heart and yeast enzymes (13, 14). It seems possible from the 


5 Lara, F. J. S., and Singer, T. P., to be published. 
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data presented, however, that the —SH groups of the M. lactilyticus 
enzyme, while essential for full activity, are not directly concerned with the 
binding of the substrate, as is thought to be true of the animal enzyme 
(19). 


The authors are grateful to Dr. Edna B. Kearney, Dr. Vincent Massey, 
and Dr. Thomas P. Singer for their help and guidance throughout this 
investigation. 


SUMMARY 


1. Succinic dehydrogenase from Micrococcus lactilyticus has been found 
to contain 1 mole of flavin per 460,000 gm. of protein and about 40 atoms 
of non-hemin iron per mole of flavin. The flavin is readily released by 
acid on thermal denaturation, and it has been identified as free flavin 
adenine dinucleotide by a variety of methods. Some two-thirds of the 
iron content is released by denaturation as inorganic iron; the rest appears 
to be very tightly bound. | 

2. The enzyme is dark brown in color. Succinate and hydrosulfite 
bleach the enzyme approximately to the same extent, producing a difference 
spectrum centering around 400 my. The reduced enzyme is rapidly 
recolorized by fumarate. 

3. The K,, for succinate and the K,; values for malonate and fumarate 
are very different from the corresponding constants of beef heart and 
yeast succinic dehydrogenase. The relative insensitivity of the enzyme to 
inhibition by malonate or succinate when acting on fumarate as substrate 
may be explained in terms of these constants. 

4. The enzyme shows a single pH optimum in the oxidation of succinate 
at pH 8.3 (30°) and two pH optima in the reduction of fumarate (at pH 
5.5 and 7.5). 

5. While in the direction of succinate oxidation the activity is reversibly 
abolished by low concentrations of —SH-combining reagents, in the di- 
rection of fumarate reduction inhibition is manifest only at high concen- 
trations of —SH inhibitors. 

6. The numerous major differences between the enzyme from M. lacti- 
lyticus and its counterparts in animal tissues and yeast have been discussed. 
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STUDIES ON CARBOHYDRATE METABOLISM 
IN RAT LIVER SLICES 


X. FACTORS IN THE REGULATION OF PATHWAYS 
OF GLUCOSK METABOLISM* 


By GEORGE F. CAHILL, Jr.,f A. BAIRD HASTINGS, JAMES 
ASHMORE, ano SYLVIA ZOTTU 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 5, 1957) 


A recent report from this laboratory (1) has dealt with the relative rates 
of glucose-6-phosphate metabolism via the various metabolic pathways 
available. In livers from normal animals it was found that, of 100 mole- 
cules of glucose phosphorylated, 2 per cent was metabolized via the direct 
oxidative pathway, 18 per cent was incorporated into glycogen, 55 per 
cent was hydrolyzed to glucose, and the remaining 25 per cent was metab- 
olized by the Embden-Meyerhof pathway. The present paper deals with 
variations in these pathways and discusses possible regulatory mechanisms. 
The experiments were of two categories: in the first group, the concentra- 
tion of glucose in the medium was varied, and in the second group oxida- 
tion-reduction mediators were added to the medium. Both series of 
experiments resulted in marked variations in the distribution of recovered 
radioactive carbons when the added glucose was labeled with carbon 14 
either randomly, or specifically in the 1 or 6 position. 


Materials and Methods 


The animals, methods, and calculations were identical with those pre- 
viously described (2-4). Rats were fed ad libitum up to the time of experi- 
ment. Medium glucose was 20 mmoles per liter in the liver slice experi- 
ments (unless otherwise stated), and with hemidiaphragms 10 mmoles per 
liter. Slices were incubated in K-110 medium (K = 110, Ca = 10, Mg = 
20, Cl = 130, and HCO; = 40 mmoles per liter) and hemidiaphragms in a 
Ringer-bicarbonate medium containing Na = 145, K = 5, Ca = 1, Mg = 
0.5, Cl = 113, and HCO; 40 mmoles per liter. Both media were equili- 
brated with 95 per cent O2-5 per cent CO:. All the experiments were 
terminated after 90 minutes incubation, and the values expressed as micro- 


* This work was supported in part by the United States Atomic Energy Com- 
mission, Swift and Company, and the Eugene Higgins Trust, through Harvard 
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moles of substrate carbons per gm. of liver slices or hemidiaphragms per 
90 minutes. 


Results 


Varying Medium Glucose Concentration—Glucose uptake, the amount 
of radioactive glucose disappearing from the medium, was found to be 
linearly related to the concentration of glucose initially present in the 
incubation medium. As expected, this was true whether the glucose was 
randomly labeled or specifically labeled in the 1 or 6 position. In Fig. 1 
sre shown the values from two experiments with liver slices from a normal 
rat, the uptake of glucose-1-C" and glucose-6-C" being plotted as a function 
of medium glucose concentration. 


@ 


40 
MEDIUM GLUCOSE pmol/mi 


Fic. 1. Glucose uptake in rat liver slices as a function of medium glucose con- 
centration, K-110 medium. Glucose-1-C', O; glucose-6-C"™, @. 


The results of several experiments with randomly labeled glucose with 
liver slices from normal and diabetic rats are listed in Table I. The re- 
covery of labeled carbons in COz, glycogen, and fatty acids was determined, 
and the average medium glucose concentration during the incubation was 
calculated as the mean of the initial and final glucose concentrations. In 
the livers from normal animals, glycogen synthesis continued to increase 
with each increment in medium glucose concentration. On the other hand, 
the amount of glucose carbon oxidized to CO: or converted to fatty acids 
reached a plateau in the presence of 20 to 30 mmoles per liter of medium 
glucose concentration. Since uptake continued to rise with each incre- 
ment in medium glucose, the rate of oxidation of glucose and its conversion 
to fatty acids had apparently reached their maximal values. 

On the other hand, the data from the experiments with liver slices of 
diabetic rats in Table I showed a saturation of both glycogen synthesis 
and CO: production from the labeled glucose. Glucose uptake in these 
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animals was so low that the relationship between it and medium glucose 
concentration could not be demonstrated. The data suggest, however, 
that the uptake of glucose was maximal since glycogen synthesis and glu- 


TABLE I 


Metabolism of Glucose by Rat Liver Slices As Function 
of Medium Glucose Concentration 
The values are expressed as micromoles of glucose carbon recovered in COs:, 
glycogen, or fatty acids per gm. of liver slices per 90 minutes. Medium glucese is 
tabulated as the average of the initial and final glucose concentrations in millimoles 
per liter of medium. Glucose uniformly labeled. 


Glucose to Glucose to 
— | 
om | St Cy: | | 
1 3.0 0.2) 0.5 1 4.1 0.01 * * 
8.1 2.0! 5.0 9.4 0.06!) * 
13.2 3.7 | 20.4 14.2 0.40 | 0.13 | * 
22.4 5.8 | 58.2 24.6 0.59 | 0.12 | 0.03 
44.0 6.1 | 94.5 45.8 0.86 | 0.16 | 0.01 
69 2.2 | 0.22 | 0.04 
2 3.5 0.2) 0.3 | 0.08 90 1.0 | 0.24 | 0.15 
8.2 1.0) 2.3 | 0.22 
13.7 1.3! 4.9! 0.21 2 5.0 * * * 
18.3 1.9; 8.7 | 0.57 10.1 0.38 | 0.03 | * 
23.1 | 2.2) 13.2 | 0.45 15 0.77| 0.13 | * 
| 33.4 3.7 21.4 | 0.40 26 0.831 0.10|} * 
| 43.4 3.1 | 23.4 0.52 49 1.2410.20|; * 
! | 68 1.32 | 0.30 ° 
3 3.5 0.5 0.5 | 0.06 90 1.37| 0.29; * 
7.7 1.8 1.7! 0.17 
13.3 3.3) 6.9 | 0.33 3 7.4 0.28 |0.07| * 
21.9 6.8 16.8 | 0.53 12.5 0.41|}0.13 |} * 
40.4 10.4 19.5. 0.54 22.5 0.55 | 0.20; * 
«66.9 11.2 44 0.47 42 0.77 10.32] * 
81.6 | 8.6157 | 0.58 65 1.0 |0.32| * 
| | 90 1.0 | 0.46) * 


* Too low to be determined. 


cose oxidation did not continue to rise as did glycogen synthesis in the liver 
from the normal rat with each increment in medium glucose concentration. 

Since CO, from glucose can be produced by either the combined Embden- 
Meyerhof pathway plus the citric acid cycle pathway or by the direct 
oxidative pathway, slices were incubated with different concentrations of 
specifically labeled glucose (Table II). It appears from the data that both 
routes of glucose oxidation increased in a parallel fashion with increasing 
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levels of glucose uptake, and both tended to reach a plateau together 
although glycogen synthesis continued to rise. In Fig. 2 the data of one 
experiment have been plotted by use of both glucose-1-C"™ and glucose-6-C" 
as substrates. At low levels of uptake, the quantity of glucose oxidized 
was equal to the amount incorporated into glycogen; with increasing me- 


dium glucose concentrations, the increased glucose disappearing from the . 


TABLE II 
Metabolism of Differentially Labeled Glucose by Rat Liver Slices As 
Function of Medium Glucose Concentration 
The values are expressed as in Table I. C-1 and C-6 are glucose-1-C™ and glu- 
cose-6-C', respectively. 


Glucose to CO2 Glucose to glycogen Glucose to fatty acids 
Normal rat No. Medium glucose 

Carbon 1 Carbon 6 | Carbon 1 | Carbon 6 | Carbon 1 | Carbon 6 

4 6.6 1.2 0.8 1.3 1.3 0.05 0.14 

9.8 2.0 1.1 2.6 2.3 ().22 0.23 

16.0 2.6 5.5 6.9 Q).24 0.46 

30.7 4.2 3.1 13.0 14.4 (). 24 0.58 

53.2 4.2 3.1 16.1 21 0.29 0.69 

5) 8.3 2.4 1.9 1.5 0.8 0.32 0.68 

i2.2 3.5 2.5 3.0 3.1 0.55 0.76 

21.4 4.2 3.1 4.2 5.2 0.47 1.2 

40.8 5.8 3.7 11.0 9.9 0.90 0.9 

80.5 7.0 4.8 18.0 12.5 1.4 1.0 


medium could be accounted for as glycogen after apparent saturation of 
both oxidative pathways. 

Oxidation-Reduction Mediators—In the initial experiments, liver slices 
were incubated in the presence of methylene blue! at 10-4 m concentration 
with 20 mmoles per liter of glucose-1-C' or glucose-6-C"™ as substrate. 
From the previous data on varying medium glucose concentration, the 
pathways of fatty acid synthesis and CO: production from labeled glucose 
were saturated or nearly saturated in the presence of this concentration of 
glucose. Table III shows a doubling of glucose carbon 1 oxidation in the 
presence of the mediator compared to a 30 per cent increase in the oxi- 
dation of carbon 6. Various other mediators were tried, and of these phena- 
zine methosulfate! and pyocyanin! resulted in the greatest increase in 


1 Methylene blue chloride obtained from the National Aniline Division of the 
Allied Chemical and Dye Corporation, New York; pyocyvanin (as pyocyanine chlo- 
ride) from the Nutritional Biochemicals Corporation, Cleveland; and phenazine 
methosulfate from the Eastern Chemical Corporation, Newark, New Jersey. 
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carbon 1 oxidation. A more detailed study with use of pyocyanin was 
undertaken to evaluate further the alterations in metabolic pathways, 
since the instability of phenazine methosulfate made experimentation 
difficult. 

Glucose uptake was the same with or without pyocyanin (Table IV). 
Carbon 1 oxidation was more than doubled, and the incorporation of 


20+ 
tO GLYCOGE 
Cl 
Et 10 COs 
i 


i020. 304050 
pmols glucose/ml MEDIUM 


Fig. 2. Recovery of labeled carbons from glucose-1-C'* and glucose-6-C™ in 
glycogen and COz in rat liver slices incubated in K-110 medium as a function of 
medium glucose concentration. 


TaBLeE III 


Liver Slices Incubated for 90 Minutes in K-110 Medium in Presence of 10-4 um Methylene 
Blue (MB) and Specifically Labeled Glucose (20 Mmoles per Liter) 


The values are expressed as in Tables I and II with standard deviations. 


Glucose-1-C'4 to CO2 Glucose-6-C™ to CO2 
No. of rats 
MB added Control MB added Control 
6 6.7 + 2.1 2.9 + 0.6 2.8 + 0.6 2.1 + 0.2 


both glucose-1-C' and glucose-6-C" into glycogen was diminished by 
this same amount.: The glucose-6-phosphate formed presumably de- 
toured into the pentose phosphate pathway with loss of carbon 1 as CO, 
at the expense of glycogen formation. 

Another metabolic alteration was the marked decrease in glucose carbons 
recovered in fatty acids. To study the effects of the mediators on other 
than the direct oxidative and Embden-Meyerhof pathways, slices were 
incubated with 40 mmoles per liter of pyruvate-2-C'. Pyruvate uptake 
was decreased approximately 15 per cent in the presence of 10-4 m methylene 


a 
3 
| : 
| | 
ViiM 


130 CARBOHYDRATE METABOLISM IN LIVER. X 


blue (Table V), but no change in pyruvate oxidation to CO» was found. 
Conversion of pyruvate to glycogen was decreased by the same proportion 
as was the conversion of glucose to glycogen, again probably due to routing 
the glucose-6-phosphate formed into the direct oxidative pathway. As 
was noted with glucose, pyruvate incorporation into fatty acids was like- 
wise decreased. 


TABLE IV 


Liver Slices Incubated with 20 Mmoles per Liter of Specifically Labeled 
Glucose with and without 10-4 ma Pyocyanin (Pyo) 


The values are expressed as in Tables I to III. 


Glucose uptake Glucose to glycogen Glucose to CO, Glucose to fatty acids 


Experiment No. | : 
Pyo added| Control | | Control Pyo added) Control Control 


Glucose-1-C!4 


103, a 29 | 107 | 88 | 2.6 : 

103, b 3.9 | 13.5 | 10.6 | 3.6 

104, a | | 48 | | | | 

104, b | 46 | | 15.0 | 3.9 | 0.28 | 1.2 

112 1.8 | 8.2 | 10.4 | 3.4 | 0.05 | 0.6 

119 2 | 21 | 3.9 | 10.0] 8.8 | 2.5 | 008 | O83 
Mean.........| 43 42 | 3.5 | 11.4 | 10.8 | 3.6 | 0.12 | 0.9 

Glucose-6-C'4 

103, a 3.3 | 10.5 | 3.2 | 2.3 

103, 3.1 | 9.0 | 3.0 | 2.7 

104, a 4 | 50 | 5.5 | 11.8 | 5.8 | 3.7 | 0.40 | 3.1 

104, so | | 64 | 12.7 | 47 | 25 | 0.7 | 23 

114 1s | 7.3 | 23 | 22 | 0.02 | 07 
Mean.........) 47 | 41 | 40 | 103 | 3.8 | 2.7 | 0.29 | 2.0 


Two diabetic rats were prepared and liver slices incubated in the presence 
of 10-* m pyocyanin. In Table VI are summarized the findings, again 
showing a marked increase in glucose carbon 1 oxidation. No difference 
in glucose uptake was found, but, as mentioned previously, this value was 
so low in the diabetic liver that a significant alteration might escape analytic 
measurement. A small decrease in glycogen synthesis was noted but did 
not account, as it did in normal animals, for the increase in the direct 
oxidative pathway. 

Since these mediators allow electrons to be transferred directly to oxygen 
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and therefore bypass cytochrome systems, they serve to allow oxidation 
without generation of high energy phosphate. To determine whether 


TABLE V 
Liver Slices Incubated in K-110 Medium with 40 Mmoles per Liter of Pyruvate-2-C' 
As Substrate with and without 10-4 mu Methylene Blue 
The values are expressed as micromoles of pyruvate carbons appearing in each 
product per gm. of wet liver per 90 minutes. 


Pyruvate uptake |Pyruvate toglycogen| Pyruvate to CO: Py mart? fatty 
Experiment No. 
d Control Control |MB added| Control Control 
100, a 138 | 182 | 2.8 | 12.0 34 40 7.4 | 20 
100, b iso | 133 | 2.2 4.8 30 32 
101, a 194 240 3.6 12 32 36 4.2 7.8 
101, b 240 263 9.8 18 42 42 8.8 24.8 
102, a 192 | 212 | 8.8 | 24 30 42 1.8 2.4 
102, b 207 221 9.8 20 40 42 3.8 6.2 
123 122 145 4.0 13 62 62 1.8 5.6 
Mean..........| 162 199 5.8 15 38 42 4.6 11.4 
TABLE VI 


Liver Slices from Two Allocan-Diabetic Rats Incubated As Described in Tables I to V 
Pyoevanin (Pyo) 10-4 mM. The values are as in Tables I to V. 


Glucose to glycogen Glucose to CO2 Glucose to fatty acids 


Experiment No. |— 


Pyo added | Control Pyo added Control Pyo added Control 
Glucose-1-C!4 
me | 6.19 0.25 2.2 0.8 0 0 
124, b 0.17 0.50 3.5 2.1 0 0 
Glucose-6-C'4 
14,0 | O11 0.36 0.8 0.9 0 0 
124, b 0.14 0.45 1.1 0.9 — 0 0 


the increased oxidation of glucose carbon 1 was due to a decrease in high 
energy phosphate and an increase in inorganic phosphate, slices were 
incubated in the presence of 10-4 m 2,4-dinitrophenol since this agent 
presumably uncouples oxidative phosphorylation without partaking in the 
direct transport of electrons to oxygen. In Table VII are summarized 
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the results of two experiments with specifically labeled glucose which 
showed the same decrease in glycogen and fat synthesis as was seen with 
the oxidation-reduction mediators. However, there was a greater in- 
crease in the oxidation of carbon 6, and the discrepancy between carbon 1 
and carbon 6 conversion to COs, was absent, suggesting that glucose was 


TABLE VII 
Liver Slices from Two Normal Fed Rats Incubated As in Tables I to VI 


2,4-Dinitrophenol 10-1 m. The values are as in Tables I to VI. 


Glucose to glycogen | Glucose to CO2 /Glucose to fatty acids 
Experiment No. Substrate 
Control Control Control 
126, a Glucose-1-C!4 6.8 13.8 4.4 3.8 0.25 0.55 
126, a Glucose-6-C!4 5.2 11.5 4.4 2.3 0.16 0.75 
126, b Glucose-1-C!4 5.0 10.5 3.9 2.9 0.17 0.43 
126, b Glucose-6-C!4 4.0 7.8 3.8 1.5 0.14 0.53 
TaBLeE VIII 


Paired Rat Hemidiaphragms Incubated in Ringer-Bicarbonate Medium Containing 
10 Mmoles per Liter of Specifically Labeled Glucose and 1074 mu 
Pyocyanin or Methylene Blue (MB) 


The values are asin Tables Ito VI. Each value is an average of four experiments. 


Glucose uptake Glucose to glycogen Glucose to CO2 
Pyocyanin (Pyo) 
Pyo added Control Pyo added | Control Pyo added Control 
Glucose-1-C'4 41 32 6.2 8.0 5.0 3.0 
Glucose-6-C'4 39 24 5.7 7.3 3.6 3.7 
Methylene blue MB added MB added MB added 
Glucose-1-C" 27 26 0.6 7.0 8.0 2.0 
Glucose -6-C!4 32 32 0.7 5.3 


metabolized solely by the Embden-Meyerhof pathway. This finding agrees 
with the data of Keltch, Krahl, and Clowes (5), who found that the addi- 
tion of dinitrocresol to Arbacia eggs stimulated oxidation of glucose carbon 
6 and elevated the ratio of CO, from glucose-6-C"™ to glucose-1-C' toward 
unity. 

The preceding data on liver slices are in marked contrast to the effects 
of the mediators on incubated hemidiaphragms. In Table VIII are 
summarized the results from rats, the hemidiaphragms of which were 
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alternately paired, and one of these pairs was incubated in the presence of 
10-4 m methylene blue or pyocyanin with 10 mmoles per liter of specifically 
labeled glucose as substrate. Pyocyanin produced a slight increase in 
glucose uptake, an increase in the oxidation of both carbon 1 and carbon 6 
of glucose, and a proportionate decrease in glycogen synthesis. On the 
other hand, methylene blue produced no change in glucose uptake, a 4- 
fold increase in the oxidation of both carbon 1 and carbon 6 of glucose, 
and a similar decrease in glycogen formation. The data not only corrobo- 
rate the lack of a direct oxidative pathway in muscle, but also show that 
no latent pathway exists as in the red cell, due to lack of an adequate 
electron transport system. But again, as in the liver of a normal rat, 
an increase in one of the catabolic pathways open to glucose-6-phosphate 
is compensated by a similar fall in glycogen content. 


DISCUSSION 


The use of oxidation-reduction mediators to accelerate biochemical 
processes was first described in 1917 by Meyerhof (6), who found that the 
addition of methylene blue to acetone-treated bacteria produced a rapid 
oxygen consumption. In 1924 Fleisch (7) demonstrated that the oxida- 
tion of succinic acid by muscle preparations was inhibited by cyanide and 
that this inhibition could be overcome by the addition of methylene blue. 
Four years later, Harrop and Barron (8) observed that methylene blue 
added to mammalian erythrocytes increased oxygen consumption and 
CO» production. Further experiments by Barron (9, 10) showed that the 
mediator also increased glucose utilization and lactic acid formation and 
that this catalytic effect was insensitive to cyanide or carbon monoxide. 

In a reinvestigation of the effect of methylene blue on erythrocyte 
metabolism, Brin and Yonemoto (11), using differentially labeled glucose, 
recently found that the oxidation of carbon 1 was preferentially stimu- 
lated. Although Gibson (12) had suggested earlier that methylene blue 
stimulated red cell respiration by serving as an electron acceptor for re- 
duced coenzyme and thereby allowing glucose oxidation via the direct 
oxidative pathway, the studies with labeled glucose provided the first 
direct evidence that this explanation was correct. 

In liver, Bloom and Stetten (13) and Katz, Abraham, Hill, and Chaikoff 
(14) have found a greater oxidation of glucose carbon 1 than of carbon 6. 
Therefore, in liver, glucose may be oxidized by either the direct oxidative 
pathway or by the combined Embden-Meyerhof pathway plus the citric 
acid cycle. The data from this paper suggest that a controlling factor in 
the direct oxidative pathway could be the rate of reoxidation of reduced 
coenzyme, as has been found with the erythrocyte. By supplying an 
artificial oxidation-reduction mediator, reoxidation of reduced triphospho- 
pyridine nucleotide is presumably facilitated, allowing more yi:ucose to be 
catabolized by this pathway. 
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On the other hand, Olson (15) has stated that in rat liver the fructose 
6-phosphate to fructose-1,6-diphosphate step is rate-limiting in the se- 
quence of reactions between glucose-6-phosphate and lactate. This might 
be expected since the interconversion of these two intermediates is con- 
trolled by two metabolically unidirectional enzymes, phosphofructokinase 
and fructose-1,6-diphosphatase, analogous to the interconversion of 
glucose and glucose-6-phosphate. 

Thus, owing to relative blocks in the two catabolic pathways open 
to glucose, an increase in the size of the glucose-6-phosphate pool due to 
either an increased medium glucose concentration in vitro or to a rise in 
blood glucose in vivo results in glycogen deposition, provided that gluco- 
kinase is not saturated. In liver slices from normal rats, there appears 
to be adequate glucokinase in the range of glucose concentrations used in 
these experiments. The importance of these relative bottlenecks in the 
homeostasis of the animal is obvious, since hyperglycemia must cause 
glycogen deposition and hypoglycemia must cause glycogen mobilization 
and elevation of blood glucose. 

From the data on the diaphragm, no difference in oxidation of either end 
of the glucose molecule is found, and the mediators remove one, or possibly 
more, limiting steps between glucose-6-phosphate and COz. 


SUMMARY 


Rat liver slices incubated in media of increasing glucose concentrations 
show increased levels of glucose uptake from the medium. The direct 
oxidative pathway and the combined Embden-Meyerhof pathway plus 
the citric acid cycle become saturated in their ability to metabolize glucose, 
and the surplus of glucose utilized may be accounted for as glycogen. 
In slices from diabetic rats, the glucose uptake is low and apparently 
becomes saturated, since increasing the glucose concentrations in the 
medium produced no further rise in either CO, production or glycogen 
formation. 

Oxidation-reduction mediators preferentially increase glucose carbon 1 
oxidation in liver slices from normal and diabetic rats. The data suggest 
that the rate of oxidation of a reduced coenzyme may control a metabolic 
pathway, and specifically, in liver, the direct oxidative pathway can be 
modified by the amount of available oxidized pyridine nucleotide. 

The significance of these limiting steps in the catabolism of glucose 1s 


discussed. 
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VITAMIN By AND PROTEIN BIOSYNTHESIS 


IV. IN VIVO AND IN VITRO STUDIES* 
By SHREEPAD R. WAGLE, RANJAN MEHTA, ano B. CONNOR JOHNSON 


(From the Department of Animal Science, University of Illinois, Urbana, Illinois) 
(Received for publication, July 29, 1957) 


Almost at the beginning of the work on vitamin By in animal nutrition, 
it was suggested that this vitamin plays a role in protein metabolism 
(1, 2). No clear metabolic function for vitamin By, however, has been 
discovered other than its requirement for methyl synthesis from certain 
l-carbon precursors (3-6). That this is not the sole or even the major 
function of vitamin By has been pointed out (7), since baby pigs adequately 
supplied with substances which contain methyl groups (as methionine 
and choline) die just as rapidly of vitamin By deficiency as do baby pigs 
fed a vitamin By-deficient diet low in methyl group content. In con- 
tinuing the study of vitamin By, in 1-carbon metabolism, we have reported 
(8, 9) that vitamin By deficiency in the rat, chick, or pig has no effect on 
nucleic acid synthesis. However, we have recently observed a marked 
effect of vitamin By deficiency on the incorporation of radioactivity into 
liver proteins of pigs and rats from labeled serine and glucose (10). In 
this paper we present studies 7n vivo and in vitro on the effect of vitamin 
By. on amino acid incorporation into protein (protein biosynthesis) (11, 12). 

A lowering in transmethylase activity of rat liver was first observed by 
Williams and coworkers (13) and confirmed by Mistry et al. (14) for the 
rat, although not for either the pig or the chick. More recently, Murthy 
et al. (15) reported a lowering of various rat liver dehydrogenases and 
Wong and Schweigert (16) a lowering in ribonuclease in vitamin By. 
deficiency, while Mulgaonkar and Sreenivasan (17) have reported a 
lowered serum protein level in vitamin By2-deficient rats. Other evidences 
of a derangement of protein metabolism are the report of Schultze et al. (18) 
of a high blood urea in vitamin By2-deficient rats and that of Charkey 
et al. (19) of an increase in blood-free amino acids in vitamin B,-deficient 
chicks. 


EXPERIMENTAL 


Production of Deficiencies; Pigs—2 to 3 day-old baby pigs were separated 
in each experiment into two groups and housed individually in screen- 


* This work was supported in part by grants-in-aid from the National Vitamin 
Foundation, New York, and the United States Atomic Energy Commission (contract 
No. AT(11-1)-67). 
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bottomed metal cages in an air-conditioned room. The basal diet and 
other experimental conditions have been previously described (20). The 
deficient animals received ad libitum the a-protein synthetic milk diet, 
while the vitamin By2-positive animals were given in addition vitamin By 
by intramuscular injection at the rate of 0.8 y per kilo of body weight per 
day. The unsupplemented animals began to exhibit severe deficiency 
in from 4 to 6 weeks, as evidenced by poor growth after the first 3 weeks, 
together with anemia (20). 

Rats—Weanling male rats of the Sprague-Dawley strain weighing 40 
to 45 gm. were fed ad libitum a soya flour-lactose basal ration. The com- 
position of the diet per 100 gm. was as follows: full fat soya flour, 72 gm.; 
lactose, 22 gm.; Salts 446, 3 gm. (21); choline chloride, 0.5 gm.; pL-methio- 
nine, 0.1 gm.; vitamin A, 2000 1. U., and vitamin D, 200 I. U.; a-tocopherol, 


TABLE I 
Production of Vitamin By. Deficiency in Weanling Rats Fed Soy Flour-Lactose Diet 
Twenty-four rats were used in each case and the duration of the experiments 
was 10 weeks. 


Vitamin Bis status Average weight Red blood cell | Wypite blood Hb 
gm. erage gm. per 100 ml. 
— vitamin Bie 108.0 + 10* 5.5 4000 ) 
+ vitamin Byes 203.0 + 12* 7.25 6000 13 


* Standard error of mean. 


5.0 mg.; thiamine hydrochloride, 2.5 mg.; riboflavin, 1.0 mg.; calcium 
pantothenate, 4 mg.; nicotinic acid, 10 mg.; pyridoxine hydrochloride, 
0.6 mg.; biotin, 0.06 mg.; folic acid, 0.4 mg.; and 2-methyl-1-4-naphtho- 
quinone, 0.1 mg. (22). The vitamin By-positive group received in addi- 
tion 50 y of vitamin By per kilo of ration. The animals were housed 
individually in an air-conditioned room and maintained for a period of 
10 to 12 weeks on the respective rations. They were weighed at weekly 
intervals. The rats on the deficient diet had a slow growth rate and 
anemia (Table I). Rats made vitamin By-deficient in this way were 
used for the zm vivo tracer and for the in vitro enzyme work. 

Amino Acid Incorporation into Liver Protein; Experiments in Vivo— 
Deficient and normal baby pigs were injected with 3-C'*-serine in one 
pair and uniformly labeled C'*4-glucose in another. Three pairs of rats 
were injected with 3-C'-serine. Each animal received 40 ue. of radio- 
active compound per kilo of body weight. The animals were in all cases 
killed after 4 hours. The livers were removed and frozen with liquid N 
and were stored frozen until analyzed. 
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Isolation of Liver Protein—The livers of all the animals were homogenized 
with 10 per cent TCA! for the isolation of the proteins. After precipita- 
tion with TCA, the protein was boiled with 10 per cent TCA to eliminate 
glycogen and nucleic acids, then washed once with hot alcohol and thrice 
with acetone-ether mixture (1:1) to eliminate fat. These samples were 
then counted at infinite thinness in a windowless gas flow counter. The 
results are given in Table II. 

Separation of Serine and Alanine from Protein Hydrolysates by Paper 
Chromatography— Known amounts of isolated protein were hydrolyzed 
with 6 N HCl in an autoclave for 18 hours. The hydrolysates were ad- 
justed to pH 6.8 and then concentrated to a small volume in vacuo (to 


TaBLeE II 
Effect of Vitamin Bz Deficiency on Radioactivity of Protein (in Vivo) 


Species| Vitamin status Compound injected* RNAT Serine Alanine 


C.p.m. per c.p.m. per 
mg. protein | mg. protein 


Pig + vitamin B,)z | C'-Glucose 265 255 56 
— vitamin 180 260 30 
S + vitamin B, | 3-C'4-Serine 320 266 81 
— vitamin By, 208 296 36 

Rat + vitamin 240 230 62.5 
— vitamin 162 242 28.0 


* Kach animal was injected with 40 we. of radioactive compound per kiloof body 
weight. 
Tt These data are included for comparative purposes. 


contain hydrolysates from 200 mg. of protein). 0.10 ml. aliquots of these 
hydrolysates were then applied on Whatman No. | filter paper and two- 
dimensional paper chromatograms were run with use of butanol-acetic 
acid-water (4:1:5) and phenol-water (1:1) solvent systems. A mixture 
containing aspartic acid, glutamic acid, glycine, serine, alanine, and 
threonine was chromatographed in the same way to test the adequacy of 
separation, and serine and alanine were chromatographed individually in 
order to identify these compounds in the hydrolysates. Excellent separa- 
tion of the amino acids was obtained by this system. The alanine and 
serine spots from the protein hydrolysate were cut out and eluted with 
ethanol (boiling), plated at infinite thinness, and counted. ‘The results in 
counts per minute per mg. of protein are given in Table II. 


'The following abbreviations are used: ATP, adenosine triphosphate; GTP, 
guanosine triphosphate; FDP, fructose diphosphate; TCA, trichloroacetic acid; 
RNA, ribonucleic acid. 
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Preparation of Liver and Spleen Microsomal Fractions; Experiments in 3 


Vitro—The rats were killed by decapitation and livers and spleens re- 
moved and immediately transferred to cold homogenizing medium (at 0°). 
2 to 4 gm. of liver or 1 to 1.5 gm. of spleen were minced for 15 to 20 seconds 
with scissors in 1 ml. of medium in a glass vessel surrounded by ice. The 
mince was transferred to a glass homogenizing tube which was kept in an 
ice bath at 0° and homogenized for 50 seconds with an ice-cold glass pestle 
in a total volume of 2.5 times its weight of medium. 

The resulting homogenate was centrifuged immediately at O° for 10 
minutes at 8000 * g. The supernatant fluid (which still contains the 
microsomes) was carefully pipetted off and used immediately for the 
incorporation experiments. It was important to centrifuge the homog- 
enate immediately and keep at 0° throughout the steps prior to incuba- 
tion. 

Composition of Homogenization Medium—In all the experiments, the 
constituents of the medium were as follows: MgCle, 0.01 mM; potassium 
phosphate buffer (pH 7.6), 0.02 M; potassium bicarbonate, 0.035 M; potas. 
sium chloride, 0.025 mM; and sucrose, 0.25 m. The pH optimum had a 
plateau between 7.2 and 7.6 and the pH of the microsomal preparations 
with this medium was 7.4. 

Incorporation Experiments—In each of the incubation experiments, 
0.5 ml. of the liver or spleen microsome plus supernatant fraction was 
mixed with 0.1 umole of FDP, 0.5 umole of ATP, and 0.25 umole of GTP 
and with either C'H;-methionine or 2-C'-alanine or 3-C'4-phenylalanine 
with or without crystalline vitamin By. The final volume of incubation 
mixture was 1.0 ml. The incubations were carried out under 95 per 
cent O.-5 per cent COz for 1 hour at 37° in the Dubnoff shaker-incubator. 
The pH of the incubation mixture was 7.4 in all experiments. 

After the incubation total protein was precipitated with 10 per cent 
TCA and centrifuged. This precipitate was washed twice with hot 10 
per cent TCA (at 80°) to remove all glycogen and nucleic acids. It was 
further washed twice with hot 95 per cent ethanol to remove any free 
amino acids and finally washed twice with acetone-ether mixture (1:1). 
The protein samples were counted at infinite thickness in a windowless 
gas flow counter. The results of various incubation experiments are 
given in Tables III to VI. 

The extent of incorporation showed very slight variation from one 
homogenate to another in the same group. All experiments were made 
with two rats and were run in duplicate. Replicate flasks containing the 
same homogenate showed very good agreement. For example, in one 
experiment replicate flasks gave 16, 14, 15, and 14 c.p.m. per mg. of pro- 
tein and in another 68, 63, 66, and 62. 

Subcellular Distribution of Vitamin By in Liver Fractions—A normal 
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rat was given by intraperitoneal injection 1.0 we. of Co®-labeled vitamin 
By and was killed after 6 hours. The liver was removed and a homog- 


TaBLeE III 


Incorporation of Graded Levels of C'4H;-Methionine into Protein by Microsome 
Preparations from Liver and Spleen of Vitamin B,2-Deficient and 
Normal Rats* 


Liver microsome preparation Spleen microsome preparation 
C4H 3-methionine level 

— vitamin Biz + vitamin Biz — vitamin Biz + vitamin Biz 

umole C.p.m. per mg. C.p.m. per mg. c.p.m. per mg. c.p.m. per mg. 
protein protein protein protein 

0.05 10 28 18 41 
0.10 8 39 20 56 
0.15 12 56 20 69 
0.20 11 68 24 81 
0.25 16 76 26 94 
0.30 14 74 20 90 
0.4 14 78 26 93 
0.5 16 76 26 94 


* The complete system contained 0.1 umole of FDP, 0.5 umole of ATP, 0.25 
umole of GTP, 0.5 ml. of microsome preparation, and C!4H;-methionine from 0.05 
to 0.5 umole made to 1 ml. with 0.15 m KCl. Each figure is the mean for three rats 
from experiments run in duplicate. 


TABLE IV 


Effect of Addition of Crystalline Vitamin B,2 to Liver and Spleen Microsome 
Preparations on Incorporation of C'4H;-Methionine into Proteins* 


Liver microsome preparation Spleen microsome preparation 


Vitamin B12 added to 


microsome preparations 
— vitamin Biz + vitamin Bie —vitamin Biz + vitamin Biz 
mugm c.p.m. per mg. C.p.m. per mg. c.p.m. per mg. C.p.m. per mg. 
protein protein protein protein 

None 19 64 14 81 

10 24 66 22 86 

20 31 63 30 88 

30 39 68 39 84 

40 46 71 43 87 

50 53 73 48 90 


* The complete system contained 0.1 umole of FDP, 0.5 umole of ATP, 0.25 umole 
of GTP, 0.25 umole of C'4H;-methionine, 0.5 ml. of microsome preparation, and 10 


to 50 mugm. of crystalline vitamin B,2 made to 1 ml. with 0.15 mM KCI. 


is the mean for two rats from experiments run in duplicate. 


enate prepared as described above. 


Kach figure 


The separation of the various frac- 


tions was carried out by the usual centrifugal procedures as follows: 
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TABLE V 


Effect of Addition of Vitamin B,2 to Liver and Spleen Microsome Preparations 
on Incorporation of 2-C'4-Alanine into Protein* 


Liver microsome preparation Spleen microsome preparation 
Vitamin Biz added to 
microsome preparations 
— vitamin Bis + vitamin Biz — vitamin Bi + vitamin Bi 
mugm C.p.m. per mg. C.p.m. per mg. C.p.m. per mg. C.p.m. per mg. 
protein protein protein protein 

None 12 44 21 67 

10 23 48 26 74 

20 31 57 33 81 

30 38 61 39 86 

40 42 60 46 85 

50 40 66 48 90 


* The complete system contained 0.1 umole of FDP, 0.5 umole of ATP, 0.25 umole 
of GTP, 0.25 umole of 2-C'4-alanine, 0.5 ml. of microsome preparation, and 10 to 50 
myugm. of crystalline vitamin B;2 made to 1.0 ml. with 0.15 m KCl. 

Each figure is the mean for two rats from experiments run in duplicate. 


TaBLE VI 
Effect of Addition of Vitamin B,2 to Liver and Spleen Microsome Preparations on 
Incorporation of Mixture of Amino Acids (One of Which Is 
3-C'4-Phenylalanine) into Protein* 


* The complete system contained 0.1 umole of FDP, 0.5 umole of ATP, 0.25 umole 
of GTP, 0.25 umole of alanine, aspartic acid, arginine, threonine, histidine, glutamic 
acid, cysteine, lysine, proline, methionine, tyrosine, serine, glycine, tryptophan, 
isoleucine, cystine, valine, leucine, and 3-C'!-phenylalanine made to 1 ml. with 0.15 
M KCl. 


Liver microsome Spleen microsome 
preparation preparation | 
— vitamin | + vitamin | — vitamin | + vitamin 
12 Bie Biz 12 
c.p.m. per | c.p.m. per | C.p.m. per | c.p.m. per | 
mg. protein | mg. protein | mg. protein | mg. protein 
Complete system, no ATP 84 116 157 170 | 
“ GTP 101 137 193 214 
SP, 64 112 86 158 
+ ee 113 286 226 467 
ae: o + 10 myugm. vitamin Bie 154 301 307 468 
+2 189 319 302 482 
30 ce 204 321 402 501 
+40 230 334 393 506 
50 993 308 429 503 ] 
é 
I 
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nuclei and unbroken cells at 600 * g for 10 minutes, mitochondria at 8000 
x g for 10 minutes, and microsomes at 105,000 * g for 1 hour. The 
separation of nuclei and mitochondria was carried out in a Servall SS-1_ 
centrifuge and the microsomes in a Spinco preparative centrifuge. The 
samples were counted at infinite thinness in the gas flow counter as before. 
The results are given in Table VIT. 


TABLE VII 
Distribution of Radioactive Vitamin B,2* into Liver Subcellular Fractions 
Fraction Total c.p.m. Per ae Per — in 

Whole homogenate. ........... 49 ,600 100 2.48 
Nuclei, unbroken cells......... 5,680 11.4 
Mitochondria. ................ 6,760 13.6 
Supernatant fluid............. 11,182 22.5 


* We are grateful to Dr. C. Rosenblum of Merck and Company, Inc., for the gen- 
erous gift of Co®-labeled vitamin 


RESULTS AND DISCUSSION 


The severity of the vitamin By: deficiency obtainable in baby pigs has 
been discussed previously (20). From Table I it is evident that we were 
also able to obtain a severe vitamin By deficiency in the rat without the 
use of thyroid hormone or of sulfonamides. 

The results (Table II) from the zn vivo studies show a lower incorpora- 
tion of the carbon of labeled serine and glucose into liver protein in intact 
vitamin By:-deficient animals than in controls. This is further indicated 
by the differences in specific activities of the amino acids, serine and 
alanine. That this is an effect of vitamin By: deficiency and not due merely 
to a general debility of the vitamin By,-deficient animals is demonstrated 
by the fact that the specific activity data of RNA isolated from the same 
animals showed no difference. These intact animal studies indicate a role 
of vitamin By in the incorporation of amino acids into body proteins. 
However, similar results might be expected if vitamin By deficiency caused 
an increased amino acid level in the blood and increased amino aciduria as 
reported by Weaver and Neill (23) and by Charkey et al. (19) (by some 
mechanism other than the failure of use of the amino acids for protein 
synthesis which would be expected to cause these same results). The in 
vitro studies carried out appear to eliminate this possibility. 

The report that vitamin By2-deficient rats which have undergone partial 
hepatectomy are unable to regenerate their livers as compared to rats 
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receiving vitamin By: (24) may well be due to the necessity of vitamin By 
for protein synthesis. It has also been reported by a number of workers 
(25, 26) that a low protein diet can produce anemia in rats. This may be 
due to the lack of amino acids for protein synthesis. The results in the 
present investigation show that there is a reduction of protein synthesis 
in which Mg** activation was observed at pH 3.8 but not at pH 5.5. Pre- 
deficiency anemia is probably a secondary effect due to the failure in 
protein synthesis. 

Microsome plus supernatant preparations as described above were 
used in all the zn vitro experiments reported in this paper, since Keller 
and Zamecnik (27) have shown that supernatant fraction is needed along 
with the microsomes for maximal amino acid incorporation. The in vitro 
studies with graded levels of C'4H;-methionine (Table III) show no effect 
of amino acid level on incorporation of this amino acid into spleen or liver 
microsome preparations obtained from vitamin By-deficient animals. 
On the other hand, under identical conditions the preparations from 
vitamin By-normal animals were able to incorporate increasing amounts 
of amino acid into protein with graded increases in amino acid substrate. 
The data indicate that the ability to incorporate amino acids into proteins 
is lost in vitamin By: deficiency. The maximal incorporation was obtained 
with 0.25 umole of methionine and this level was used in all subsequent 
studies. 

As can be seen from Table IV, the supplementation of the microsome 
plus supernatant preparations from deficient animals with crystalline 
vitamin By partially restores the ability to incorporate amino acid into 
protein. Similarly, there can also be noticed a small increase in the in- 
corporation of amino acid into protein in the microsome plus supernatant 
preparations from normal animals. The data (Table V) for 2-C'*-alanine 
are similar to those obtained with C'H;-methionine, thus eliminating the 
possibility that vitamin B,2 played a peculiar role in methionine metabolism 
by virtue of its presumed role in 1-carbon metabolism. 

Gale and Folkes (28, 29) have shown that, when only one amino acid 
is added to the incubation mixture, incorporation ceases only when a 
fraction of the added amino acid has been incorporated. In the experi- 
ment reported in Table VI, in which a mixture of twenty amino acids, 
including 3-C'-phenylalanine, was used, a 4-fold increase in incorporation 
of the labeled amino acid was obtained over the previous experiments in 
which only one amino acid had been added (Tables III to V). In Table VI 
again, there is observed much less incorporation of phenylalanine in the 
preparations from vitamin By-deficient animals. Again, extent of in- 
corporation in the deficient preparations could be markedly improved 
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(although not completely restored) by the zn vitro addition of vitamin By. 
This marked increase in incorporation of labeled amino acids when a 
mixture of twenty amino acids is used as substrate demonstrates a require- 
ment for a pool of amino acids for protein synthesis. The increased 
incorporation of the amino acid is probably an indication of net protein 
synthesis taking place (as also stated by Gale and Folkes (28, 29)). 

In the same experiment the effect of omission of ATP and GTP was 
studied. It can be seen (Table VI) that both ATP (27, 30) and GTP (27) 
are required for maximal incorporation in the presence of adequate vitamin 
By, although the omission makes little difference in the absence of vitamin 
By, and in fact the absence of ATP, GTP, and vitamin Bj. might serve as 
a blank for the other data in Table VI. The high blank values are prob- 
ably a reflection of the presence of ATP and GTP in the enzyme prepara- 
tions. 

Table VII gives the distribution of injected radioactive vitamin By 
among the liver subcellular fractions. Of the dose injected, about 2.5 
per cent was found in the liver and of this 2.5 per cent over 60 per cent 
occurs in the microsomes plus supernatant fraction. This high percentage 
of vitamin By: in the fractions most implicated in protein synthesis agrees 
with our hypothesis by the amino acid incorporation studies that vitamin 
By is a cofactor in protein synthesis. Isolation of the vitamin By2-con- 
taining enzyme is now in progress in this laboratory. 

All our studies show a lower incorporation of amino acid into protein 
in the case of vitamin By deficiency. In studies with microsomal prepara- 
tions, not only methionine (which has been shown to be involved in 1- 
carbon metabolism) but also alanine and phenylalanine were incorporated 
to a much lower extent in preparations from vitamin By-deficient than 
from vitamin By-normal rats. In all the cases, the addition in vitro of 
vitamin By. markedly increased the extent of amino acid incorporation 
by enzyme preparations from deficient animals and to a small extent by 
preparations from normal animals. These data indicate an enzymatic 
block in protein synthesis in the absence of vitamin By: and that vitamin Biz 
is a cofactor for the incorporation of amino acids into protein. 

It is postulated that vitamin By, is the prosthetic group of an enzyme 
which is present in the supernatant solution (and also in the microsomes) 
and which acts as a carrier of amino acids (probably after carboxyl activa- 
tion by ATP (28)) to the template. Work on the separation of this 
enzyme will be reported subsequently. This requirement of vitamin By: 
for protein synthesis would explain the wide diversity of functions postu- 
lated for vitamin By as being due to reductions in the synthesis of many 
different enzymes in the body. 
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SUMMARY 


1. Vitamin By deficiency has been produced in baby pigs and rats by 
dietary means. 

2. Vitamin By-deficient pigs and rats were found less able to incorporate 
activity from injected uniformly labeled glucose and 8-labeled serine into 
liver proteins. 

3. Microsomal preparations from vitamin By.-deficient rat liver and 
spleen were found to incorporate less labeled methionine, alanine, or 
phenylalanine into protein than were preparations from normal animals. 

4. The addition in vitro of vitamin By to such preparations markedly 
increased the amount of amino acid incorporation. 

5. The incorporation of radiophenylalanine in the presence of nineteen 
other amino acids was much greater than when a single amino acid was 
studied, indicating a requirement for a pool of amino acids and strongly 
suggesting net synthesis of protein. Here again the marked effect of 
vitamin By, was obtained. 

6. A subcellular distribution study of Co®-labeled vitamin By ad- 
ministered to a rat showed it to occur principally in the microsome super- 
natant fraction. 
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Since the advent of isotopes it has become abundantly clear that the 
mammary gland has a high capacity for the synthesis of fat. This has 
been demonstrated by experiments both in vitro and in vivo (1). Early 
studies with the arteriovenous technique led to the view that triglycerides 
taken up by the gland could account for all the fat of ruminant milk. 
However, the technical and other difficulties of this procedure, carefully 
summarized by Folley (2), have rendered the interpretation of these 
experiments open to question. The most recent study on the origin of 
milk fat was carried out by Glascock et al. (3), who fed tritium-labeled 
stearic acid to lactating goats and a lactating cow. The specific activity 
measurements of the long chain fatty acid fraction suggested to these 
workers that some part of milk fatty acids is derived from circulating 
lipides without extensive breakdown and resynthesis. 

Unequivocal evidence is presented here to show that circulating fatty 
acids, long as well as short, can be transported into milk without change 
in chain length. Palmitic acid-1-C'™, in the form of its triglyceride, and 
sodium octanoate-1-C'* were injected intravenously into lactating rats, 
and the secretion of these substances into milk was established by their 
chromatographic isolation and the localization of the isotope in the isolated 
fatty acid. 


EXPERIMENTAL 


Treatment of Rats—17 to 21 day-old post partum, lactating rats of the 
Long-Evans strain, weighing 240 to 280 gm., were used. They were 
nursing litters of six to eight at the time they were taken for study. 1.0 
ml. of an emulsion containing tripalmitin-1-C' (4) was injected intra- 
venously into two lactating rats (Rats 1 and 2, Table I) 75 minutes after 
they were separated from the litters, and 0.5 ml. of sodium octanoate-1-C"™ 
into two lactating rats (Rats 3 and 4) about 15 minutes after separation 
from the litters. 


* This work was supported by a contract from the United States Atomic Energy 
Commission. 
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The rats were anesthetized by an intraperitoneal injection of Nembutal, 
and the milk was expressed from the mammary gland by hand. Each 
milking required about 30 minutes, and yielded 0.5 to 2 ml. of milk. 


TABLE I 


Incorporation of Intravenously Injected Tripalmitin-1-C'4 and Octanoate-1-C™ into 
Lipides of Milk, Mammary Gland, Liver, and Plasma of Lactating Rats 


Per cent non- 
acids off 16-carbon fatty acids§ 
Labeled fatty acid injected lipide fatty 
Milk Whole Mam- |_| 
hrs 
1 | Tripalmitin-1-C'!™ 5 | 2.9 3.5 99.2 
$3 22 2.0 | 44.7 3.6 3.4 98 .4| 97.9 | 75.8 
2 | 2.4 3.1 98.9 
- 10 2.1 42.4 10.9 2.7 98.4) 98.2 | 79.3 
3 | Octanoate-1-C' 6 | 5.5 18.8 
24 | 48.3 2.8 7.6 
4 6 5.4 21.1 
12 3.3 
24 | 2.2) 59.9 2.1 7.1 


* (0.9, 1.0, and 2.0 ml. were manually expressed from Rat 1 at 5, 10, and 22 hours, 
respectively; 0.5 and 0.9 ml. from Rat 2 at 5 and 10 hours, respectively; and 0.3 and 
1.0 ml. of milk from the mammary gland of Rat 3 at 6 and 24 hours, respectively. 
From Rat 4, 0.2, 0.5, and 3.0 ml. of milk were obtained at 6, 12, and 24 hours, respec- 
tively. 

T In the livers of Rats 1 and 2, 44 and 37 per cent, respectively, of the total fatty 
acid-C!* were recovered in the phospholipide fatty acid fraction. In the plasma 
samples, obtained just before sacrifice, 31 and 28 per cent of the total fatty acid-C" 
of Rats 1 and 2, respectively, were found in the phospholipide fatty acids. In the 
mammary gland or milk, 1 per cent or less of the total fatty acid-C™ was recovered 
in the phospholipide fatty acid fraction. 

In the livers of Rats 3 and 4, 51 and 56 per cent, respectively, of the total fatty 
acid-C!4 were recovered in the phospholipide fatty acid fraction. About 40 per cent 
of the total fatty acid-C™ was found in the phospholipide fatty acids of the plasma 
samples obtained just before sacrifice. In the mammary gland or milk, a maximum 
of 0.6 per cent of the total fatty acid-C' was recovered in the phospholipide fatty 
acid fraction. 

t Counts per minute per mg. of fatty acids. 

§ No C!4 was found in fatty acids of chain lengths of less than 16 carbons. The 
values recorded are the percentages of the total C4 recovered in the chromatographic 
separation. The remainder of the C' was in the 18-carbon fraction. 

|| Since it is impossible to free the excised mammary gland of milk, we have re- 
corded in this column the C' value for total milk expressed plus the total excised 
mammary tissue. 
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Blood was obtained by heart puncture with a heparinized syringe. 
Plasma was separated by centrifugation and treated as described below. 
After the last milk sample was taken, the rats were killed and the livers 
and entire mass of mammary tissue (about 15 gm.) removed for lipide 
study. 

Extraction of Milk and Plasma Lipides and Separation of Phospholipide 
from Non-Phospholipide Fatty Acids; Experiment with Tripalmitin-1-C'*— 
Lipides were extracted three times from milk and plasma with 20 volumes 
of a 3:1 alcohol-ether solvent for 1 hour at 60°. The combined alcohol- 
ether extracts were concentrated to a small volume, a small amount. of 
water was added to the concentrate, and the lipides were extracted with 
ethyl ether. The lipides were separated into phospholipide and non- 
phospholipide fractions by precipitation of the phospholipides in acetone 
with MgCl, (5). These fractions were hydrolyzed and their fatty acids 
extracted (5). The fatty acid content of the non-phospholipide fraction 
was determined, after removal of the cholesterol as the digitonide, by drying 
a suitable aliquot to constant weight. The C' content of each fraction was 
obtained by the “direct mount” procedure (6). 

Experiment with Octanoate-1-C'*—The procedures were exactly the same 
as those described for the experiment with tripalmitin-1-C"™ except that, 
before the non-phospholipides were hydrolyzed, free fatty acids were re- 
moved with an Amberlite 400 ion exchange resin (7). 

Extraction of Liver and Mammary Gland Lipides and Separation of 
Phospholipide from Non-Phospholipide Fatty Acids—The tissues were 
homogenized and extracted three times, each time with 30 volumes of a 
3:1 aleohol-ether mixture, for 2 hours at 60°. The subsequent treatment 
of these tissues was similar to that described above. 

Chromatographic Separation of Non-Phospholipide Fatty Acid; Experiment 
with Tripalmitin-1-C'*—The fatty acids were hydrogenated (8), dissolved 
in hexane, and the 12-, 14-, 16-, and 18-carbon fatty acids were separated 
on a silicic acid column by the method described by Ramsey and Patterson 
(9), standardized as previously described (10). 

Experiment with Octanoate-1-C'* —The non-phospholipide fatty acids 
were hydrogenated (8) and dissolved in isooctane. The 4-, 6-, 8-, 10- 
carbon, and longer, fatty acids were separated on a silicic acid column as 
described by Ramsey and Patterson (11). 


Results 


Experiment with Tripalmitin-1-C'*—Almost half of the injected tri- 
glyceride-C"™ was recovered as fatty acids in the total milk expressed plus 
the total mammary tissue (Table I). Considerably smaller percentages 
were recovered in the livers. 

To evaluate the significance of the small amount of C™ in the phos- 
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pholipides precipitated from the milk and mammary gland (cf. Table I, 
footnote), we added synthetically prepared, C'4-labeled tripalmitin to a 
tissue lipide extract, and precipitated the phospholipide from this mixture 
in the usual manner. About 0.3 per cent of the added C™ was recovered 
in the precipitated phospholipides that had been washed several times. 
In view of this finding, there can be no assurance that the small amounts 
of C' recovered in the phospholipide fraction prepared from the milk and 
mammary gland were not the result of contamination. 

Chromatographic analysis of the tissue fatty acids revealed that the 
distribution of isotope among the fatty acids of the milk and mammary 
gland differed from that among the liver fatty acids. In the latter tissue, 
a significant portion of the fatty acid-C'* was recovered in the 18-carbon 


TaBLeE II 
Distribution of C'4 in 16-Carbon and 8-Carbon Fatty Acids of Milk 
The last samples of milk obtained just before the rats were killed were analyzed. 
The rat numbers correspond to those given in Table I. 


Tripalmitin-1-C experiment Octanoate-1-C™ experiment 
Per cent 16-carbon fatty Per cent 8-carbon fatty 
Rat No. acid-C™ found in Rat No. acid-C™ found in 
Carboxyl Decarboxy- Carboxyl Decarboxy- 
carbon lated moiety carbon lated moiety 
1 99.3 0.7 3 99.6 0.4 
2 99.5 0.5 4 99.2 0.8 


fatty acid fraction; in the mammary gland and milk, practically all of the 
C' was recovered in the 16-carbon fatty acid fraction. 

The 16-carbon fatty acids isolated from the non-phospholipide fatty acid 
fraction prepared from milk were decarboxylated as described elsewhere 
(12), and the C™ content of the carboxyl carbon and of the residue was 
determined (10). Practically all of the C'™ was found in the carboxyl 
earbon (Table IT). 

Experiment with Octanoate-1-C'\—The percentage of injected re- 
covered in the milk and mammary gland fatty acids and the distribution 
of isotope between the non-phospholipide and phospholipide fatty acids 
were similar for octanoate-1-C"' and tripalmitin-1-C". 

In the milk and mammary gland, C' was recovered in all of the fatty 
acid fractions obtained by chromatographic analysis (Table III). In the 
liver, on the other hand, all of the C' was recovered in fatty acids con- 
taining more than 10 carbon atoms. 

Decarboxylation of the 8-carbon fatty acids separated from the milk 
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glycerides revealed that almost all of the isotope resided in the carboxyl 
carbon (Table II). 

As early as 5 hours after the injection of the tripalmitin-1-C™ into the 
blood stream, the specific activities of the non-phospholipide fatty acids 
in milk were about 3 times higher than those of the same fatty acid fraction 
present in plasma (Table I). In the experiment with octanoate-1-C"%, 


TaBLeE III 
Distribution of Fatty Acid-C'4 among Separated Fatty Acids after 
Injection of Octanoate-1-C' 

The lipides were separated into phospholipide and non-phospholipide fractions. 
Free fatty acids (the form in which the octanoate was injected) were removed from 
the non-phospholipide fraction. The non-phospholipide fraction was hydrolyzed, 
the cholesterol was removed, and the fatty acids were separated chromatographi- 
cally into various chain lengths. 


Rat No. _ After recovered as of chain length 
fatty acids 8-Carbons 
hrs. 
3 Milk 6 1.3 0.4 52.3 4.2 43.1 
vi 24 1.7 0.7 48 .6 3.9 46.8 
Mammary 24 38.3 0.9 48.0 4.7 46.4 
gland 
Liver 24 2.8 0 0 0 100 
4 Milk 6 0.9 0.2 56.2 3.6 40.0 
- 12 1.5 0.3 58.9 3.9 41.9 
Mammary 24 42.5 0.8 47.2 5.1 46.9 
gland 
Liver 24 2.1 0 0 0 100 


the ratio of the specific activity of the non-phospholipide fatty acids in 
milk to that in plasma was about 20 at 6 hours, and 7 at 24 hours. 


DISCUSSION 


The results of the present study demonstrate that the mammary gland 
of the lactating rat readily removes long as well as short chain fatty acids 
from the blood stream. When tripalmitin-1-C" was injected intravenously, 
over 40 per cent of the C4 was recovered in the total fatty acid fraction of 
milk and mammary tissue in 22 hours. Practically all of the C so re- 
covered was found in 16-carbon fatty acids, and decarboxylation of these 
fatty acids established that almost all of the C was contained in their 
carboxyl carbons. When octanoate-1-C™ was injected, even more of the 
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isotope, namely 48 to 60 per cent, was recovered in the fatty acid fraction 
of milk and mammary gland. In this case, 50 per cent of the C™ so re- 
covered resided in the 8-carbon fatty acid fraction, and decarboxylation 
of these 8-carbon fatty acids revealed that most of the isotope was in the 
same carbon as that of the injected octanoate. These observations can 
leave no doubt that fatty acids can be taken up from the plasma by the 
mammary gland and secreted into rat milk as intact molecules. 

The value of 50 per cent, in the experiment with octanoate, for the C' 
recovered in fatty acids containing more than 8 carbons is surprising in 
view of our earlier findings (13) on the incorporation of octanoate-1-C"™ 
into glycerides of chain lengths greater than 8 carbon atoms, by surviving 


TABLE IV 


Distribution of C among Separated Fatty Acids of Mammary Gland Glycerides after 
Incubation Mammary Gland Slices from Lactating Rats with Octanoate-1-C'4 
500 mg. of mammary gland slices were incubated for 3 hours at 37.5° as deseribed 

earlier (13). The medium contained 4.0 ml. of bicarbonate buffer (14), free from 

ealcium, a solution of 0.5 ml. of sodium octanoate containing 2 wmoles of the fatty 
acid, and 0.5 ml. (50 pmoles) of a glucose solution. Gas phase, 95 per cent O» and 

5 per cent CO... From 15 to 25 per cent of the added fatty acid-C'™ was recovered as 

glycerides. 


Per cent glyceride-C™ recovered as fatty acids of chain length 


4-Carbons | 6-Carbons | &8-Carbons | 10-Carbons More than 10-Carbons 
0 0.3 81.5 15.4 2.8 
0 0.0 72.6 20.4 7.0 


slices of mammary gland. In that study, 50 umoles of labeled octanoate 
were incubated, in the presence of glucose, with 500 mg. of slices, and not 
more than 2.2 per cent of the C' was recovered in fatty acids of chain 
lengths greater than 8 carbons. This difference between the earlier experi- 
ment in vitro and the present in vivo study led us to repeat the experiment 
in vitro, this time with 2 umoles of labeled octanoate. The incorporation 
of the C™ into fatty acids containing more than 8 carbons was increased 
(Table IV): 15 and 20 per cent into 10-carbon fatty acids, and 3 and 7 
per cent into fatty acids of chain lengths longer than 10 carbons. The 
limitation observed in the experiment with the 50 uwmoles of octanoate 
was in the synthesis of the longer chain fatty acids and not in the capacity 
of esterification. 

The results of the analysis of the mammary gland and milk phospholipide 
fatty acids indicate that incorporation of C'*-labeled fatty acid into phos- 
pholipides occurred to a negligible extent or not at all in the mammary 
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gland. As much as 56 per cent of the labeled fatty acids recovered in the 
liver was present as phospholipides, whereas 1 per cent or less of the 
C-labeled fatty acids found in the milk or mammary gland after adminis- 
tration of either octanoate-1-C" or tripalmitin-1-C'™ was in phospholipides. 
If this small percentage of labeled phospholipide in the mammary gland 
was not the result of contamination with C'*-glycerides, the source of such 
phospholipides (in addition to the labeled fatty acid acyl-CoA) could have 
been either the C' plasma phospholipides or synthesis in the mammary 
gland from labeled acetyl-CoA. Uptake of labeled, injected phospholipide 
by the mammary gland of the lactating rabbit has been reported (14). 
Synthesis of labeled phospholipide from C'-acetate has been shown to 
occur in the mammary gland of the rabbit (15, 14) and goat (16). 


SUMMARY 


1. Palmitic acid-1-C™ in the form of its triglyceride and sodium 
octanoate-1-C' were injected intravenously into lactating rats. Milk 
was collected at intervals, and at the end of the experiment the mammary 
glands, plasma, and the livers were removed for study. 

2. In the experiment with tripalmitin-1-C™“, as much as 45 per cent of 
the injected C'* was recovered in the fatty acids of milk and mammary 
tissue in 22 hours. Practically all of this C'* was found in the non-phos- 
pholipide fatty acids and, in the case of milk, practically all of the C' 
was located in the carboxyl carbon of the 16-carbon fatty acids. 

In contrast to those of milk and mammary gland, the phospholipides of 
the liver and plasma contained a significant amount of C'*-labeled fatty 
acids. About 75 per cent of the non-phospholipide-C" in the liver resided 
in the 16-carbon fatty acids, and the remainder in 18-carbon fatty acids. 

3. In the experiment with octanoate-1-C', as much as 60 per cent of the 
C' was recovered in fatty acids of milk and mammary tissue in 24 hours. 
Nearly all of this C' was found in the non-phospholipide fatty acids, and 
about half was present in the 8-carbon fatty acids. Practically all of the 
C'™ was found in the carboxyl carbon of the 8-carbon fatty acids of milk. 

The recovery of a large fraction of the fatty acid-C' in phospholipides 
of liver and plasma after octanoate-1-C' administration is again contrasted 
with the negligible recovery of C'* in the phospholipides of milk and mam- 
mary gland. All of the non-phospholipide fatty acid-C™ in the liver was 
located in fatty acids containing more than 10 carbons. 

4. It is concluded that a long or short chain fatty acid, intravenously 
injected into lactating rats, can be readily transported into milk, with its 
carbon chain intact. Phospholipides are synthesized from these fatty 
acids either to a negligible extent or not at all in the mammary gland, 
whereas in the liver of these rats the process readily occurs. 
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ZINC AND COBALT PICRATES AS REAGENTS FOR SPECIFIC 
PRECIPITATION OF GLYCINE FROM 
PROTEIN HYDROLYSATES 


By A. S. M. SELIM, M. E. A. RAMADAN, ann M. M. EL-SADR 


(From the Department of Biochemistry, Abbassia Faculty of Medicine, Ein 
Shams University, Cairo, Egypt) 


(Received for publication, August 21, 1957) 


The defects inherent in the older methods (1-5) for isolating glycine 
from protein hydrolysates may be overcome by the direct precipitation of 
glycine from such mixtures as a complex salt with copper picrate (6). 
This reagent has been subsequently employed with success for the removal 
of glycine from the hydrolytic products of proteins prior to the isolation 
of other amino acids (7). Difficulties, however, have been encountered in 
the recrystallization and drying of the glycine-copper picrate complex. 
These have been shown to be due to the tendency of the complex to undergo 
decomposition by treatment with ethanol or when its concentrated aqueous 
solutions are heated above 90° (6). The present work has accordingly 
been undertaken with the object of developing new glycine-metal picrate 
complexes which are free from these effects. 

It has been previously reported (6-8) that glycine forms complex salts 
with calcium, strontium, and barium picrates which are distinguished 
by their remarkably low solubilities and rapid crystallization. Glycine, 
however, cannot be directly isolated from amino acid mixtures by precipi- 
tation with these alkaline earth metal picrates, which also form sparingly 
soluble derivatives with a number of amino acids. A search has, therefore, 
been made for other picrates capable of specifically precipitating glycine 
from protein hydrolysates. Of the various metal picrates tested, only 
zine and cobalt picrates have been found to satisfy this condition. The 
reaction of these picrates with all of the amino acids which are usually 
present in protein hydrolysates has been investigated. The results have 
indicated that glycine is the only amino acid which is capable of furnishing 
sparingly soluble complexes with these reagents. It should be pointed out, 
however, that arginine is very slowly and incompletely precipitated as a 
complex derivative by treatment of its pure aqueous solutions with zinc 
and cobalt picrates. These compounds, on the other hand, are far more 
soluble than the corresponding glycine complexes, and they do not separate 
from protein hydrolysates under the experimental conditions employed. 

Study of the properties of the zinc and cobalt picrate complexes of 
glycine has demonstrated that each of them is composed of 2 moles of 
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glycine combined with 1 mole of the reagent. They can be readily ob- 
tained by treatment of the aqueous solutions of the amino acid with half 
an equivalent of the precipitant. The complexes crystallize promptly 
from hot water in the form of yellowish, glistening, oval-shaped plates. 
The glycine complex salts with zine and cobalt picrates are soluble in 
water to the extent of 0.87 and 1.1 gm. per 100 ml. at 0°, respectively. 
Experiments with aqueous solutions containing a few gm. of glycine have 
shown that, under optimal conditions, 97 to 98 per cent of the amino acid 
present can be precipitated as a complex salt by treatment with either 
zinc picrate or cobalt picrate. In contrast to the glycine-copper picrate 
complex, the zine and cobalt picrate complexes of glycine are not affected 
by treatment with boiling water or ethanol. 

The above findings furnish the basis of the present method. It consists 
chiefly of the direct separation of zine picrate- and cobalt picrate-glycine 
complexes from concentrated protein hydrolysates by treatment with the 
corresponding metal picrates in amounts equivalent to twice that required 
to combine with the glycine present. The free amino acid can easily be 
regenerated, in high yield and purity, from its complex salts by decomposi- 
tion with sulfuric acid. 

The applicability of this procedure has been demonstrated by isolating 
glycine from two proteins, gelatin and silk fibroin. From gelatin hy- 
drolysates, pure glycine-zine picrate and glycine-cobalt picrate complexes 
have been isolated in amounts corresponding to 91 to 92 per cent of the 
amino acid present. Similarly, these glycine complexes have been sep- 
arated from silk fibroin hydrolysates in yields equivalent to 93 to 94 per 
cent of the amino acid present. These data have been calculated on the 
assumption that the glycine contents of dry and ash-free gelatin and silk 
fibroin, calculated to 16 gm. of nitrogen, are 22.8 and 37.4 gm. per cent, 
respectively (9). 


EXPERIMENTAL 


Materials 


The proteins examined were gelatin (i. Merck, Darmstadt) (N, 16.8 
per cent of moisture- and ash-free protein; moisture, 15 per cent; ash, 2 
per cent) and silk fibroin (N, 18.7 per cent of moisture- and ash-free protein; 
moisture, 8.2 per cent; ash, 0.15 per cent) prepared by the procedure 
previously reported (7). 

Zinc picrate and cobalt picrate 
5H.O) were prepared by the reaction of picric acid with the corresponding 
metal carbonates. The products obtained were recrystallized from hot 
water and then air-dried. 


f 


SELIM, RAMADAN, AND EL-SADR 159 


Isolation of Glycine-Zine Picrate and Glycine-Cobalt Picrate Complexes 
from Gelatin Hydrolysates 


In the experiments herein described, all the inorganic precipitates were 
carefully washed. Gelatin (400 gm.) was hydrolyzed with 2400 ml. of 
8 Nn HSO,. The insoluble humin was filtered, and the filtrate was diluted 
with twice its volume of water. Most of the H.SO, was removed by 
neutralizing the acid solution to litmus with Ca(OH)e. The residual SO, 
and Ca ions were completely removed by successive precipitation with 
Ba(OH)e2 and oxalic acid. The hydrolysate was concentrated in vacuo 
to about 900 ml. and divided into two equal portions. One of these was 
heated to boiling and treated with a hot solution of 355 gm. of zine picrate 
in 150 ml. of water (double the amount calculated to combine with the 
glycine present in the ratio of 1 mole of picrate to 2 moles of amino acid). 
On cooling to room temperature, the characteristic plates of glycine-zine 
picrate complex commenced to separate, and after about 2 hours the 
mixture had become a solid mass of crystals. After standing overnight 
at 0°, the precipitate was collected and washed twice with 50 ml. of ice- 
cold water. The complex was then recrystallized from boiling water. 
After chilling the solution for a few hours, the picrate was again collected, 
washed first with a little ice-cold water, then with absolute ethanol, and 
finally dried in a vacuum desiccator. The mother liquor from the re- 
crystallized product, on concentration to a small volume, yielded a small 
crop of the same compound. ‘The total yield was 191.6 gm., corresponding 
to 36.9 gm. of glycine. 

The glycine-zine picrate complex contains 6 moles of water of crystal- 
lization, which are lost at 120°. 

(C2H;O2N )2- Zn(CgH2O7N 3)2-6H2O. Calculated. Water of crystallization, 13.86 


Found. 13.84 
(CoH;O2N )o-Zn(CgH207N3)2. Caleulated. C 28.61, H 2.1, N 16.68 
Found. 28.49, 2.13, 16.41 


The second portion of the hydrolysate (450 ml.) was treated with 322 
gm. of cobalt picrate. The yield of the recrystallized cobalt complex 
was 187.5 gm., equivalent to 36.4 gm. of glycine. 

The glycine-cobalt picrate contains 6 moles of water of crystallization, 
which are lost at 120°. 

(CoH;O0O2N )2-Co(CgH207N 3)2-6H2O. Calculated. Water of crystallization, 13.97 


(CoH;O2N )2- Co(CgH2O7N Caleulated. C 28.88, H 2.12, N 16.84 
Found. 28.65, 2.14, 16.60 


Preparation of Glycine —100 gm. of the glycine-zine picrate complex 
were suspended in 300 ml. of hot water; 80 ml. of 50 per cent (v/v) HoSO, 
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were then added, and the mixture was heated on a steam bath for 1 
hour. The liberated picric acid was extracted with hot benzene. The 
solution was next neutralized to litmus with Ca(OH)s, and the CaSO, 
precipitate was filtered. The filtrate was freed from Zn by making the 
solution strongly alkaline to phenolphthalein with Ca(OH). and then by 
passing H.S through the mixture. The inorganic ions were removed by 
successive precipitation with H:SO,, Ba(OH)2, and oxalic acid. The re- 
sulting solution was decolorized with a little acid-washed charcoal, then 
concentrated in vacuo to a syrup, and glycine was precipitated with ethanol. 
It was further recrystallized from aqueous ethanol. The product weighed 
17.4 gm., equivalent to 90 per cent of the theory. 


C2H;O.N. Calculated. C 31.99, H 6.71, N 18.66 
Found. *¢ 31.73, ‘* 6.67, ‘* 18.42 


A sample (1 gm.) was converted into hippuric acid. The recrystallized 
compound melted at 191-192°. Admixture of the product with an au- 
thentic specimen gave no lowering of the melting point. Pure glycine 
was also prepared in good yields from its cobalt picrate complex derivative 
in the same way as outlined above. 


Isolation of Zine and Cobalt Picrate Complexes of Glycine from 
Silk Fibroin Hydrolysates 


A hydrolysate of silk fibroin (54.6 gm.) was treated with zine picrate 
as described for gelatin. The yield of pure glycine-zine picrate complex 
was 106.3 gm., equivalent to 20.5 gm. of glycine. Similarly, 104.5 gm. 
of pure glycine-cobalt picrate complex, corresponding to 20.3 gm. of gly- 
cine, were secured from 54.6 gm. of silk fibroin. 


SUMMARY 


1. A procedure for the direct isolation of glycine from protein hydroly- 
sates by its precipitation as a complex salt with zine and cobalt picrates 
is described. Glycine can readily be prepared in high yields and purity 
from these complexes by decomposition with sulfuric acid. 

2. The present method has the advantages that it is simple and avoids 
the use of expensive reagents. Also, after the removal of glycine, the 
protein hydrolysate is left in a form convenient for the isolation of other 
amino acids. 
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TITRATABLE SULFHYDRYL GROUPS OF HEMOGLOBIN C 
AND FETAL HEMOGLOBIN AT 0° AND 38°* 


By MAKIO MURAYAMA 


(From the Department of Biochemistry, Graduate School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 17, 1957) 


It was reported in a previous paper (14) that normal hemoglobin (Hb-A) 
and sickle cell hemoglobin (Hb-S) have eight argentometrically titratable 
— SH groups per molecule at 38°. Iurthermore, the mercurimetric-am- 
perometric titration data at 38° have suggested that there are two 
—S—Hg—S— linkages possible in the normal hemoglobin molecule, 
whereas three such bridges are possible in the sickle cell hemoglobin mole- 
cule. 

The present study is an extension of the previous report (14). While 
it was in progress, Hommes, Santema-Drinkwaard, and Huisman (5) re- 
ported eight —SH groups per molecule of Hb-A, Hb-S, and hemoglobin C 
(Hb-C). In contrast they reported four —SH groups per molecule of 
fetal hemoglobin (Hb-F). Furthermore, these investigators found 5.4, 
7.0, 6.0, and 4.8 mercury atoms per molecule were bound by Hb-A, Hb-S, 
Hb-C, and Hb-F, respectively. Ingram (8) reported four —SH groups 
per molecule of Hb-A and Hb-S, but, after the addition of dodecyl sodium 
sulfate, he found that eight argentometrically titratable --SH groups and 
only 6 mercury atoms per molecule were bound by both hemoglobins. 
Some of the factors which contributed to the variable results obtained by 
the other investigators have been discussed in the previous report (14). 

In the present paper, eight titratable —-SH groups were found in the 
Hb-C molecule. These are ‘lone’ —SH groups. It was also found that 
fetal hemoglobin contained six titratable —SH groups per molecule; they 
are present as three mercapto pairs, each pair of mercapto groups being 
sufficiently close to the others so that they are able to capture a mer- 
cury atom among them. 


Material and Methods 


The dialyzed hemoglobin solutions were prepared as previously described 
(14). Hb-C erystallizes very easily. The fetal hemoglobin was prepared 


* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. A 
preliminary report has been made (13). 
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from cord blood and was ‘‘purified’’ by two methods, the alkali denatura- 
tion method of Chernoff (3) and a chromatographic method of Boardman 
and Partridge (2) as modified by Huisman and Prins (6). The fetal hemo- 
globin in crystalline form was obtained in both instances after the excess 
water was removed by evaporation from the viscose sausage casing placed 
in front of an electric fan. When the hemoglobin solution was reduced 
nearly to its original volume, it was placed in 2.8 m phosphate buffer, pH 
6.8 (4). Refractile granules formed which were separated by centrifuga- 
tion. They were dissolved in a minimal volume of 2.8 m phosphate buffer 
at 0°, and the solution was placed in a cold room at about 7°, where it was 
allowed to crystallize. The crystals thus obtained appeared to be of a 
pseudohexagonal type and had essentially the same appearance as those 
shown in a photomicrograph of Jope and O’Brien (9). 

The apparatus! and technique used for the amperometric titrations were 
essentially the same as previously described (14). The method of Benesch, 
Lardy, and Benesch (1) was utilized for the argentometric-amperometric 
titration. The titrations were performed in 30 ml. of tris(hydroxymethy])- 
aminomethane (Tris) buffer,? pH 7.4. The temperature of the solution 
was controlled in a thermostatic cell as previously described (14). 

The mercurimetric-amperometric titration technique was that of 
Kolthoff, Stricks, and Morren (10), phosphate buffer, pH 7.3, in the pres- 
ence of 0.5 m KCl being utilized. Pure nitrogen was bubbled through the 
solution to remove the oxygen. After the buffer was deoxygenated, the 
hemoglobin solution was then added from a self-adjusting micropipette 
(11). The titrating agents were added from a syringe microburette as pre- 
viously described (14). In all titrations, 20 ul. of 5 K 10-* titrating agent 
were added at 1 minute intervals, a total of 400 ul. of the titrating reagent 
being used in each titration. 


Results 


At 0°, dialyzed Hb-C binds about 4 silver atoms per molecule. It also 
binds about 4 mercury atoms per molecule at 0° (Table I). These findings 
are essentially the same as those reported for Hb-A (14) at the ice point; 
consequently, the sulfur atom conformation for Hb-A and Hb-C is the 
same. In accordance with the previous interpretation of the findings with 
Hb-A, it is suggested that the titratable —SH groups at 0° of Hb-C are 
located far apart; z.e., the —-SH groupsare separated so that a mercury atom 
cannot span the distance; thus they are not able to bind a mercury atom 
to form the S—Hg—S bridge and S—-Hg—C1 is formed instead. 


‘An automatic amperometric titration apparatus is available, although it was 
not used in this investigation. It is described by M. Murayama (12). 
2 Potassium nitrate was used in place of KCI. 


M. MURAYAMA 165 


a- At 38°, about 8 silver atoms as well as 8 mercury’ atoms are bound per 
in molecule of Hb-C (Table I). The data suggest that the eight titratable 
Ss TABLE I 
d Titratable —SH Groups of Hemoglobin C and Fetal Hemoglobin at 0° and 38° 
~d In each instance there were eight determinations. 
H At 0° At 38° 
a- Variety of 
er hemoglobin Silver atoms Mercury atoms Silver atoms Mercury atoms 
bound per 4 Fe bound per 4 Fe bound per 4 Fe bound per 4 Fe 
AS 
a Hb-C 4.09 + 0.35 4.18 + 0.51 8.06 + 0.20 8.02 + 0.31 
se Hb-F 6.20 + 0.44 2.85 + 0.61 6.04 + 0.25 3.20 + 0.66 
re 
h, 
ic 
)- 5.0F 
© 4.0 
a. 
of = 30 
S- A 
oO 02.0 
1e = 
te 00 1.0 
e- 
at >560A 0.04 O12 020 028 036 
5 X 10°9M HgCl, ADDED, ML. 
Fic. 1 2 
Fic. 1. A schematic representation (A) of titratable —SH groups (a constella- 
10) tion or conformation of S atoms) at 38° of a dialyzed Hb-C molecule; and (B) of 
rs titratable —SH groups (a constellation or conformation of S atoms) at 38° of a di- 
t; alyzed fetal hemoglobin molecule. 


Fic. 2. Mercurimetric-amperometric titration curves of Hb-C solution at 0° (O) 


- and 38° (X) in Tris buffer, 0.02 m RNH; form and 0.113 m RNH* form and 0.01 
th in KNO;, pH 7.4, at 25°. 

re 

m —SH groups are widely separated ; they are all ‘‘lone’” —SH groups. These 
m 


findings are schematically represented in Fig. 1, A. It can be seen that 


* A preliminary study of the relationship of the mercuric ion to the hemoglobin 
as complexes was carried out (at the Hg?+: Hb molar ratios of 1,2, and 3) with Dr. 8S. J. 
Singer of Yale University. The results obtained with a Spinco analytical ultra- 
centrifuge indicate no dimerization. 
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every pair of sulfur atoms is separated by a distance greater than 5.60 A. 
The four —SH groups which become accessible at 38° have a lower affinity 
than mercapto groups 1, 2, 3, and 4 for the titrating agent. This can be 
seen from the set of typical mercurimetric-amperometric titration curves 
of dialyzed Hb-C shown in Fig. 2. Mercapto groups 5, 6, 7, and 8 appear 
to behave as a single set of binding sites with cooperative interaction be- 
tween them. The uptake of the mercuric ion by mercapto 5 appears to 
make it easier for the next to come onto —SH 6 and so on. It may be 
deduced that there is mercapto-mercapto interaction among the —SH 
groups which become titratable at 38°. This interaction is evaluated 
from the equation 
KM" 
1+ KM 


where y = the fractional saturation of mercapto Groups 5, 6, 7, and 8 with 
respect to the mercuric ions; 1J = the concentration of unbound mercuric 
ions; K = the association constant; and n = the interaction constant 
(when n = 1, this corresponds to no mercapto-mercapto interaction). 
By rearrangement, 


(2) "et KM 
Logarithms of both sides of the equation give the result 


! 


(3) log " 2 = n log M + log K 


A plot of log (y/1 — y) against log M gives a straight line with a slope 
n of about 3 for those mercapto groups which become accessible at 38°. 
However, upon the addition of dodecyl sodium sulfate, the interaction 
constant n becomes about 1; the interaction between them vanishes. 

About six —SH groups per molecule are argentometrically titratable in 
fetal hemoglobin at 0° as well as at 38°. In contrast, 3 mercury atoms are 
bound per molecule of Hb-F at 0° and at 38° (Table I). Thus the data 
suggest that three S—Hg-—-S linkages are possible in the Hb-F molecule. 
In —S—Hg—S— the centers of the sulfur atoms are separated by twice the 
covalent Hg-S bond distance, giving S—Hg—S = 5.60 A. A schematic 
arrangement of sulfur atoms in Hb-F is shown in Fig. 1, B. 


DISCUSSION 


This investigation of the titratable —-SH groups of Hb-C and Hb-F 
gives additional support to the view previously presented that the hetero- 
geneity of hemoglobin may be due in part to the differences in conforma- 
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tion. The data indicate that the maximal number of titratable —SH 
groups is the same for normal adult, sickle cell, and C hemoglobins; how- 
ever, their spatial arrangement appears to be different. Hemoglobin A 
has two mercapto pairs, sickle cell has three mercapto pairs, and hemoglo- 
bin C has none. The data suggest further that there is a quantitative as 
well as a conformational difference between the adult and the fetal hemo- 
globins; the six —SH groups in fetal hemoglobin are arranged to form three 
mercapto pairs. Furthermore, it is interesting to note a high degree of 
agreement between the maximal number of titratable —SH groups reported 
by the author (13, 14) and the half cystine values per mole of hemoglobins 
A, S, C, and F found by Hommes, Santema-Drinkwaard, and Huisman 
(5). Also, the maximal number of titratable —SH groups for Hb-A and 
Hb-S reported by Ingram (8) agrees well with those found by the author 
(14). 

It is now generally accepted that there is a close relationship between 
the genetic structure of an individual organism and the kind of protein it 
produces, and that the variety of hemoglobin is dependent upon the spatial 
arrangement of the peptide chains. Thus, the differences between the 
various hemoglobin molecules may be related to the way in which the pep- 
tide chains are folded (15, 16). This change in the folding of the peptide 
chains could be reflected in the observed conformational differences of the 
—SH groups of different hemoglobins. The mutated gene, in the instance 
of hereditary anemia which leads to the production of an abnormal hemo- 
globin molecule, appears to be related to the conformational change in the 
protein part of the hemoglobin molecule (in addition to the evidence pre- 
sented by Ingram (7)); this conformational difference is made apparent by 
the number of S—Hg—S linkages which are possible in a mercurimetric- 
amperometric titration. 


SUMMARY 


1. The number of amperometrically titratable —SH groups of dialyzed 
hemoglobin C increased when the temperature of the solution was changed 
from 0° to 38°; at 0° there are about four titratable —SH groups per mole- 
cule, and at 38° eight —SH groups are titratable. These are all “lone” 
—SH groups. 

2. In fetal hemoglobin there are six amperometrically titratable —SH 
groups per molecule. All six —SH groups are titratable at 0° as well as 
at 38°. There are three mercapto pairs per molecule of fetal hemoglobin. 

43. A schematic representation of the spatial arrangements of the sulfur 
atoms in hemoglobin C and fetal hemoglobin is presented. 


The author wishes to express his indebtedness to Dr. D. L. Drabkin for 
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his interest in this problem. He is also indebted to Dr. Neva Abelson, 
Dr. J. D. Alexander, Dr. Carl E. Bachman, Dr. P. J. Jensen, Dr. J. 
McClements, and Dr. E. Mertens, who generously provided the blood 
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THE INCORPORATION OF NON-CARBOXYL CARBON INTO 
GLUTAMIC ACID, ALANINE, AND ASPARTIC ACID 
BY THE RAT* 


By ROBERT J. HILL,f DONALD C. HOBBS,f{ anp ROGER E. KOEPPE$ 


(From the Division of Chemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, July 22, 1957) 


In previous publications (1, 2), glutamic acid has been shown to be a 
useful compound in studying metabolic pathways of carboxyl and bi- 
carbonate carbons in intact rats. We now present data which demon- 
strate that labeling patterns in glutamic acid and alanine, with some help 
from those of serine and aspartic acid, can be used to differentiate between 
most of the known routes of metabolism of non-carboxyl carbons in rats. 
These are carbon 2 of acetate,! carbons 2 and 3 of pyruvate (glycolytic 
trioses), and formate. 

Labeling patterns in the amino acids mentioned above were determined 
after the administration of acetate-2-C", glycerol-1 ,3-C', pL-serine-3-C", 
pyruvate-2-C', pyruvate-3-C™, and formate-C" to intact rats. With one 
exception, the patterns found experimentally were in close agreement with 
those predicted from consideration of the Krebs tricarboxylic acid cycle. 


EXPERIMENTAL 


A saline solution (1 to 2 ml.) of the various labeled compounds was 
administered by a single intraperitoneal injection to male albino rats 
(of Wistar origin) from our own colony. During the 3 hour period be- 
tween injection and sacrifice, the animals were placed in an all glass metabo- 
lism chamber which was swept with a slow stream of air. Data concern- 
ing the compounds administered, the rats used, and the expired CO, 
recovered are presented in Table I. 

The rats were killed by a blow on the head and “carcass” and liver 
protein powders prepared (1). ‘‘Carcass’” refers to the entire animal, 
except liver, including the washed gastrointestinal tract. Amino acids 


* Supported in part by a research grant (No. RG-4735) from the National Insti- 
tutes of Health, United States Department of Health, Education, and Welfare. 

t Public Health Service Research Fellow of the National Institute of Neuro- 
logical Diseases and Blindness, National Institutes of Health. Present address, 
the Rockefeller Institute for Medical Research, New York 21, New York. 

t Present address, Chas. Pfizer and Company, Inc., Brooklyn, New York. 

§ Inquiries regarding this article should be addressed to this author. 

1The International Union of Chemistry numbering system is used throughout 
the presentation. 
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were isolated from the protein hydrolysates by the use of procedures 
previously described (3). In more recent experiments, the liver proteins 
were diluted 10-fold with carrier rat liver protein before hydrolysis and 
fractionation. This method is considered to be superior to that used 
previously (3) in which the liver amino acids were isolated before the 
addition of carrier. 

Each isolated amino acid was purified, characterized, and degraded by 
methods discussed elsewhere (1, 3, 4). Acetate formed during the deg- 
radation of all the amino acids was generally not subjected to Celite 
chromatography (3) before further degradation. Some of the methyl- 


TABLE [ 
Data Concerning Animals Used and Metabolites Administered 
Rat No. weight Compound administered Specific activity| Dose injected exhaled 
as CO2 
gm. mc. per mmole uc 
32 132 Sodium acetate-2-C!4 0.66 66 50 
33 131 0.66 66 51 
19 162 ” pyruvate-2-Cl4 * 4.54 69 54 
34 141 4.54 35 58 
42 128 pyruvate-3-Cl * 2.49 32 34 
20 147 Glycerol-1,3-C' * 1.02 86 46 
23 157 i 1.02 SS 48 
24 184 pL-Serine-3-C'!4 * 0.97 93 27 
31 132 si 0.97 107 23 
37 143 Sodium formate-C'!l4 * 1.71 5OT 61 
38 138 | 1.71 50T 48 
| 


* Obtained from the Nuclear Instrument and Chemical Corporation. 
+ These values were calculated from the manufacturers’ data. 


amines, produced during the degradation of acetate, were trapped in | N 
HCl, and the resulting hydrochloride was oxidized to COz by the method 
of Van Slyke et al. (5,6). When carbon is determined manometrically, 
this modification is less tedious than the method of Phares (7). 

Carbon analyses and C' assays were accomplished by the use of pro- 
cedures already described (1). These involved manometric measure- 
ment of carbon dioxide and determination of radioactivity with a vibrating 
reed electrometer. 


RESULTS AND DISCUSSION 


The experimental data are presented in Tables I and III to VI. In 
general, the sum of the specific activities determined by degradation is in 
excellent agreement with the total specific activity of the compound. 
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Table Il summarizes the predicted labeling patterns in glutamic acid 
and alanine. Since all carbons can ultimately be incorporated into carbon 
1 of these compounds, this position is omitted in Table II. It should be 
noted that carbons 2 and 3 of alanine and 4 and 5 of glutamic acid are 
predicted to be most useful in determining routes of metabolism. In 
contrast, positions 2 and 3 of glutamate, which arise from the middle 
carbons of oxalacetate, are expected to be of limited value, since oxal- 
acetate is readily randomized by interconversion with symmetrical fuma- 
rate (8, 9). By similar reasoning, labeling patterns in aspartic acid are 
also predicted to be of little value. 

As shown in Tables III and IV, the experimental results agree closely 
with predictions made in Table II. The only clear exception is the liver 


TABLE II 
Predicted Labeling Patterns in Glutamic Acid and Alanine 
Compound administered Glutamic acid Alanine 
Acetate-2-C' Carbon 4 > earbon 5, Carbon 3 = earbon 2 
carbon 2 = carbon 3 
Pyruvate-2-C' Carbon 5 > carbon 4, 


carbon 3 > carbon 2 
Pyruvate-3-C'4 | 
Glycerol-1,3-C™ 


Serine-3-C™ Carbon 4 > carbon 5, 


ET carbon 2 > carbon 3 


The symbol > indicates that one carbon will be labeled much more than the other, 
> means one will be slightly more labeled than the other, and = indicates that the 
two carbons will have the same activity. 


glutamate of Rat 20. Since this animal was given glycerol-1 ,3-C", it had 
been predicted that carbon 4 of glutamate would contain considerably 
more activity than carbon 5. The finding of almost equal amounts of 
activity in these positions of the liver glutamic acid is not readily explained. 

The data show that the relative amounts of activity in positions 4 and 
5 of glutamic acid can be used to distinguish between metabolism via 
carbon 2 and carbon 3 of pyruvate. The labeling patterns in alanine 
also clearly differentiate carbons 2 and 3 of pyruvate or its precursors. 
However, the labeling in glutamic acid after administration of acetate-2-C™ 
is similar to that given by pyruvate-3-C™. Thus glutamate cannot be 
used to distinguish between these two pathways. In contrast, acetate-2- 
C™ gives equal labeling in carbons 2 and 3 of alanine and pyruvate-3-C™ 
gives alanine labeled predominantly in position 3. It is apparent that 
complete labeling patterns in alanine and glutamic acid clearly differentiate 
pathways of carbon metabolism. 
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It should be emphasized that alanine and glutamate cannot be used to 
distinguish between metabolism through pyruvate as contrasted with 
metabolism via other 3-carbon glycolytic intermediates. This distinction 
can be made by studying the labeling in glycogen and serine. Positions 
2 and 3 of pyruvate are greatly randomized during conversion to glycogen 
and serine (8, 10, 11), whereas, with compounds entering glycolysis above 
pyruvate (e.g. glycerol), this randomization is much less (4, 12). 

The data obtained from the aspartic acid degradations are presented in 
Table V. In every case, almost complete randomization between carbons 
1 and 4 and carbons 2 and 3 is observed. This finding is in accord with 


TaBLeE VI 
Distribution of C“ in Carcass Serine 
Glycerol-1, Serine-3-C'# Formate-C4 
Rat 19 | Rat 20* Rat 23* Rat 24 Rat 31 Rat 37 Rat 38 
total | | total) | total | | total | | total | total total 
Total 18.1 47.7 72.5 1217 1537 528 506 
Carbon 1, 26.9 39.0 38.6 0.19 0.22 0.26 0.30 
COOH 
Carbon 2, 38.7 10.1 6.1 0.27 0.28 | 0.23 0.22 
CHNH, 
Carbon 3, 32.7 49.9 57.0 97.2 98 .9 92.6 97.3 
CH,.OH | 
Sum, corkens | 
98.3 99.0 101.7 97 .66 99 .40 .09 97.82 


* Data taken from a previous publication (4). 


the known formation of aspartate from oxalacetate. Therefore, the 
complete degradation of aspartic acid appears to be of little value in 
experiments of this nature. Aspartic acid is a valuable compound for 
distinguishing between metabolism of carboxyl and non-carboxyl carbon 
atoms, however, because carboxyl or bicarbonate carbons are incorporated 
almost exclusively into positions 1 and 4 of aspartate (13-15). 
Formate-C™ gives labeling patterns similar to those of serine-3-C', 
thus confirming the well known conversion of formate to position 3 of 
serine (16). In both the animals treated with serine and those with 
formate, serine is found to have many times as much radioactivity as the 
other amino acids isolated. This fact can be used to distinguish formate 
metabolism from that of a glycolytic intermediate labeled in carbon 3. 
The data from the animals treated with formate indicate a considerable 
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direct oxidation of formate to bicarbonate. This is concluded because, 
in these animals, the “corrected specific activity” (1) of carbon 1 of the 
carcass glutamates was found to be 21.6 and 24.1. Since these figures are 
only slightly higher than those obtained from bicarbonate-C™ (1), it is 
concluded that most of the radioactivity was incorporated into carbon 1 
via bicarbonate. 

Pyruvate may be metabolized to acetate, the precursor of carbons 4 and 
5 of glutamate, or oxalacetate, the precursor of carbons 2 and 3 of gluta- 
mate. The relative amounts of radioactivity in these positions in glutamic 


TaBLe VII* 


Relative Distribution of C'* in a-Ketoglutaric Acid after Equilibration 
via Tricarbozrylic Acid Cycle 


Position of initial labeling 


Carbon 5 Carbon 4 Carbon 3 Carbon 2 
a-Ketoglutaric acid 


No. of turns of tricarboxylic acid cycle 


Ist | 2nd Ist | 2nd | 3rd | @ Ist | 2nd | 3rd | @ Ist 2nd | 
COOH 5 0; 25 5 0; 0;2.5 5) OF} 5| 5 
C=O 0; O; O} 7.5 10) 5 | 7.5) 10} 10} 10 | 10 
0; O; OF} OF 7.5) 10} 10) 15 117.5 20) OF O 
0; O; 10/10 | 10; 0; 0 0; O| O 
COOH 10; 10; 10; 0; 0/0 0; 0; 0/0 0; 0; O| O 


* Taken in part from a similar table presented by Shemin and Wittenberg (18). 


acid after administration of labeled pyruvate (or its precursor) should 
give some insight concerning the amounts of pyruvate converted to acetate 
as compared with oxalacetate. If factors such as differences in pool 
sizes are ignored, the data in Table III indicate that approximately as 
much pyruvate was converted to acetate as to oxalacetate. 

With the exception of the animals receiving glycerol labeled in two 
positions, the carbons 2 and 5 to carbon 1 ratios in glutamic acid should, 
theoretically, approach a value of 2, which is identical to the carbon 5 to 
carbon | ratio known to be obtained from acetate-1-C' (1, 15, 17). This 
prediction is made because radioactivity can be incorporated into carbon 
1 of a-ketoglutarate, and hence glutamate, only through carbon 4 of 
oxalacetate. The various non-carboxyl atoms cannot be converted to this 
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position of oxalacetate except via the carboxyls of succinate, which in 
turn are formed from carbons 2 and 5 of a-ketoglutarate. As shown in 
Table VII, regardless of the original labeling in a-ketoglutarate, the ratios 
carbon 2 to carbon 1 and carbon 5 to carbon 1 approach 2 if complete 
equilibration is accomplished by the tricarboxylic acid cycle. As can be 
calculated from the data in Table III, carbons 2 and 5 to carbon 1 ratios 
greater than 2 were obtained in all cases except the liver glutamic acid of 
Rat 32. These results indicate that complete isotopic equilibration through 
the Krebs tricarboxylic cycle did not occur before glutamate synthesis 
from a-ketoglutarate. 

Comment should be made concerning the = specific activities of 
glutamic acid, aspartic acid, and alanine. Each glutamic acid isolated 
has a somewhat greater specific activity than the corresponding aspartic 
acid. When acetate is administered, glutamate is several times as ‘“‘hot”’ 
as alanine. However, when pyruvate or its precursor is given, alanine and 
glutamic acid have comparable specific activities. Therefore, postulates 
about metabolic pathways should not be based on minor differences in the 
specific activities of amino acids closely related to the Krebs tricarboxylic 
acid cycle. 


SUMMARY 


The labeling patterns of tissue glutamate, aspartate, alanine, and serine 
have been determined following intraperitoneal injection of acetate-2-C"%, 
pyruvate-2-C™, pyruvate-3-C™, pi-serine-3-C™, glycerol-1,3-C", and 
formate-C' to male rats. The data demonstrate that complete labeling 
patterns, particularly of alanine and glutamic acid, clearly differentiate 
between pathways of carbon metabolism. 


The authors wish to acknowledge the aid of Dr. Martin L. Minthorn, 
Jr., with animals treated with the serine and glycerol, and the technical 
assistance of Mr. Walter A. Peterson, Jr., Mr. Robert D. Hays, and Mr. 
Floyd T. Carey. 
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THE METABOLISM OF pi-TRYPTOPHAN-7a-C" BY THE RAT* 
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(From the Biochemistry Division, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


AND ROBERT J. HILL, ann ROGER E. KOEPPE 


(From the Division of Chemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, August 14, 1957) 


While the catabolic fate of the carbon skeleton of most indispensable 
amino acids is now established, the fate of the major part of the carbon 
of tryptophan is not clear. The availability of this amino acid labeled 
with C™ in the benzene ring made possible experiments with rats which 
showed that a substantial portion of the carbon in positions 3a, 7, and 7a 
is rapidly oxidized to CO, (1). Similar experiments with tryptophan 
labeled uniformly by biosynthesis (2) also led to the conclusion that trypto- 
phan is converted to COz via aliphatic substances of high metabolic activity. 
Of the known pathways of tryptophan catabolism the sequence via formy]- 
kynurenine, kynurenine, hydroxykynurenine, and hydroxyanthranilic acid 
is the most attractive route to these aliphatic intermediates. The rapid 
degradation of 3-hydroxyanthranilic acid by the rat (3) to release the 
carboxyl carbon as COs, without the accompanying excretion of metaboli- 
cally inert picolinic acid asa urinary conjugate (4), suggests that the major 
portion of the former compound is degraded by unknown reactions. 

In an effort to discover the nature of the reactions involved in the 
degradation of tryptophan, this amino acid, labeled exclusively in the 
7a position, was synthesized and administered to rats. The distribution 
of C™ in several non-essential amino acids of the liver and carcass proteins 
suggests certain possibilities with regard to the type of aliphatic compounds 
which result from the dissimilation of the indole nucleus by the rat. 


EXPERIMENTAL 


Radioactive pL-tryptophan was prepared from phenylhydrazine hydro- 
chloride-1-C™ by the method of Warner and Moe (5). Phenylhydrazine 


* Supported in part by research grants from the National Science Foundation 
(No. G-1810) and the National Institutes of Health, United States Department of 
Health, Education, and Welfare (No. RG-4735). 

t Present address, Biochemistry Department, Oklahoma State University, Still- 
water, Oklahoma. 

t Public Health Service Research Fellow of the National Institute of Neurolog- 
ical Diseases and Blindness, National Institutes of Health. Present address, the 
Rockefeller Institute for Medical Research, New York 21, New York. 
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hydrochloride was prepared from aniline hydrochloride-1-C™ (Tracerlab, 
Inc.) by the method of Coleman (6), as modified for small scale use by 
Nystrom et al. (7). The preparation of tryptophan-7a-C" will be reported 
in detail (8). The product had the same melting point range as authentic 
pL-tryptophan and the expected growth-promoting activity for Lacto- 
bacillus arabinosus. It contained no radioactive impurities which could 
be detected radioautographically with use of the solvent systems previously 
described (1). The specific activity of the pL-tryptophan (153 we. per 
mmole) was, within experimental error, the same as that of the aniline 
hydrochloride used. 

For a period of 4 weeks preceding the experiments, two female albino 
rats were maintained on the casein-sucrose diet previously described (9), 
except that the casein level was increased to 18 per cent at the expense 
of the sucrose, and niacin was added at a level of 2.5 mg. per 100 gm. 
During the experimental period the animals were kept in all-glass metabo- 
lism cages through which CO,-free air was swept at a rate of 500 ml. per 
minute. Expired CO. was collected at intervals and analyzed for C" 
as previously described (1). Urine and feces for the 12 hour period were 
collected separately. 

51 mg. of isotopic tryptophan (38.3 we.) were dissolved in 6 ml. of iso- 
tonic saline and administered intraperitoneally in two equal doses 6 hours 
apart. 6 hours after the second dose the animals were killed and the 
livers removed. The entire carcass, including the washed alimentary 
tract, was ground and extracted in a Waring blendor, first with 7 volumes 
of acetone, then with 5 volumes of ether. The acetone-ether powder was 
autoclaved at 121° with 20 volumes of 3 N HCl for 3 hours and the humin 
removed by filtration. The livers were homogenized with 10 per cent 
trichloroacetic acid and the residue was extracted with acetone and ether 
to obtain the liver lipide and protein fractions. The liver proteins were 
hydrolyzed by boiling under a reflux for 24 hours with 10 volumes of 6 
nN HCl. Aliquots of each fraction were analyzed for C™ content by the 
method of Van Slyke, Steele, and Plazin (10). 

Glutamic acid, aspartic acid, alanine, and serine were isolated from the 
protein hydrolysates and purified as previously described (11). Glutamic 
acid was completely degraded by the method of Mosbach, Phares, and 
Carson (12), as modified by Koeppe and Hill (13). Carbons 1 and 4 of 
aspartate and carbon 1 of alanine and serine were liberated as CO2 with 
ninhydrin as described by Van Slyke et al. (14). Determinations of C" 
on the amino acids and on the CO: obtained in the degradation procedures 
were made as previously described (13). 
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RESULTS AND DISCUSSION 


The gross distribution of C'™ observed in these experiments is sum- 
marized in Table I. A strict comparison with the results obtained from 
the administration of uniformly labeled tryptophan (2) and tryptophan-£- 
C' (15) is not possible, due to differences in the design of the experi- 
ments. However, the data are in general agreement with these earlier 
reports. The high percentage of carbon-7a appearing as CO, within 12 
hours indicates a rapid and extensive degradation of the benzene ring 


TABLE I 


Gross Distribution of C4 in Tissues and Exzcretory Products of Rats 
Given pL-Tryptophan-7a-C'4 


Rat 1 Rat 2 
uc. per cent Ci4 uc. per cent C4 

13.5 35.48 14.3 37.3 
5.8 15.15 2.91 7.60 
Feces + cecum contents....... 0.41 1.07 0.56 1.46 
Intestinal contents............ 0.15 0.39 0.36 0.94 
Carcass proteins............... 15.8 41.1 11.0 28.8 
(1.97) (5.14) (1.76) (4.60) 
Liver proteins*................ 1.52 3.97 1.54 4.02 
Carcass lipides................ 1.94 5.07 1.71 4.47 
Liver lipides................... 0.62 1.62 0.43 1.12 

39.7 103.7 32.8 85.7 


* Determined on an aliquot of acetone-ether powder before hydrolysis. 


of tryptophan. A slightly lower CO, excretion was previously obtained 
from tryptophan-3a ,7a,7-C', and a slightly higher excretion from trypto- 
phan-a-C* (1). 

Radioactivity in the isolated amino acids accounts for approximately 
10 to 15 per cent of the total C' found in protein. The remainder, which 
constitutes about one-fourth of the C'™ administered, was present in 
unknown forms, possibly as tryptophan or its metabolites. 

The results of the degradations of carcass and liver amino acids are 
presented in Table II. The appearance of essentially all of the C in 
the carboxyl carbons of glutamate, aspartate, serine, and alanine is con- 
sistent with the formation of these compounds via the Krebs cycle from 
an intermediate which, on entering the cycle, would label a-ketoglutarate 
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only in carbon 5. A similar labeling pattern in all these amino acids has 
been obtained after the administration of acetate-1-C'™ to rats (16) and 
cows (17), and the glutamate pattern is like that observed in yeast (18) 


TABLE II 


Distribution of C4 in Amino Acids of Carcass and Liver Proteins 
after Administration of pi-Tryptophan-7a-C™ 


Specific activity 


Rat 1 Rat 2 


mine Ber | per cent total) | per cent tota! 


in glutamic acid 


Carcass Total 22.4 34.9 


Carbon 1 5.4 24.1 8.5 24.4 
Curbons 2, 3, and 4 0.4 1.8 0.8 2.3 
Carbon 5 16.6 74.1 25.7 73.6 
Liver Total 158 180 
Carbon 1 25 15.8 28.7 15.9 
Carbons 2, 3, and 4 1.8 1.1 1.1 0.6 
Carbon 5 134 84.8 148 82.3 
Sum, carbons 1-5.................... 160.8 101.7 177.8 98.8 
Carcass Total 7.3 10.3 
Carbons 1 and 4 7.1 7 10.2 99 
Liver Total 37 40.5 | 
Carbons 1 and 4 36 7 40.0 99 
Careass Total 3.4 4.6 ( 
Carbon 1 3.5 95 4.3 93 ( 
Liver Total 13.5 ‘ 
Carbon 1 11.9 ; 
C in serine a 
Carcass Total 2.1 - 
Carbon 1 1.9 90 7 
C4 in proline t) 
Carcass Total 2.0 | | | 
Ir 
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and rats (13) given acetate-1-C™. This suggests that carbon-7a of trypto- 
phan may be metabolized in the rat via the carboxyl carbon of acetate. 
Another possibility is the direct formation of a suitably labeled Krebs’ 
cycle intermediate between acetate and glutamate (e.g., citrate, a-keto- 
glutarate). It appears unlikely that a 3-carbon compound labeled in the 
2 position is involved, since pyruvate-2-C™ labels carbons 2 and 3 of gluta- 
mate as well as the carboxyl carbons (19). 

Although the finding of essentially all the C™ in the carboxyl carbons 
of the various amino acids is in complete agreement with the results pre- 
viously obtained with acetate-1-C"™ (cf. Hogstrom (16)), the ratio of C™ 
in carbons 5 and 1 of glutamate differs considerably from the ratio obtained 
in acetate experiments. The theoretical carbon 5 to carbon 1 ratio for 
glutamate derived from acetate-1-C™ via the Krebs cycle is 2 (17, 20). 
In previous studies with acetate-1-C™ (13, 16-18) the ratio found in the 
isolated glutamic acid was approximately 2. The finding of a ratio of 3 
in carcass glutamate and 5 in liver glutamate casts some doubt on the 
possibility that carbon-7a of tryptophan is converted directly to the 
carboxyl of acetate or some other Krebs’ cycle intermediate. This devia- 
tion from the expected ratio would be explained if glutamic acid were 
synthesized before isotope equilibrium had become established in the 
cycle (17) or if unlabeled 4-carbon intermediates dilute the cycle extensively 
between a-ketoglutarate and oxalacetate. The labeling data might also 
be explained by the direct formation of glutamate-5-C" from tryptophan- 
7a-C' without passage through the citric acid cycle. The finding of only 
a small amount of C"™ in proline seems to exclude a pathway involving 
this amino acid as an intermediate between tryptophan and glutamate. 

Although these data seem to be most easily explained on the basis of a 
direct conversion of tryptophan to glutamate, it is felt that they do not 
exclude the possibility that acetate-1-C"™ is an intermediate. Serine-3-C", 
pyruvate-2-C'", pyruvate-3-C™, and acetate-2-C™ have yielded glutamic 
acid with an isotope distribution differing considerably from that which 
would be expected in accordance with complete equilibration of Krebs’ 
evcle intermediates (19). Therefore, the high specific activity ratios of 
carbon 5 to carbon 1 obtained after administration of tryptophan-7a-C"™ 
do not eliminate the possibility that carbon-7a is metabolized to the 
carboxyl carbon of acetate. 

Another interesting observation is that the specific activity of liver 
glutamate is 5 to 7 times that of carcass glutamate. In contrast, acetate- 
1-C'4 yielded carcass glutamate of slightly higher specific activity than 
liver glutamate (13). This suggests that the liver is the major site of 


tryptophan catabolism. This supposition is supported by the fact that 
most of the known enzymes of tryptophan catabolism have been found 
in the liver (21). 
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SUMMARY 


1. Adult female rats were used to study the metabolic fate of tryptophan 
labeled with C™ in position 7a of the benzene ring. After 12 hours, ap- 
proximately 36 per cent of the C4 from a test dose had appeared as expired 
CO2, 7 to 15 per cent in the urine, and 40 to 50 per cent in the tissues. 

2. Glutamic acid, aspartic acid, alanine, and serine were isolated from 
liver and carcass proteins and degraded, and each carbon was assayed for 
radioactivity. 

3. The observed labeling patterns suggest that carbon-7a of tryptophan 
is catabolized via the carboxyl of acetate, the carboxyl of a 5 or 6 carbon 
acid of the Krebs cycle, or position 5 of glutamate. 


Two of the authors (R. J. H. and R. E. K.) wish to acknowledge the 
competent technical assistance of Mr. Walter A. Peterson, Jr. 
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PHOSPHOPEPTIDES FROM ACID-HYDROLYZED P®-LABELED 
ISOPROPYL METHYLPHOSPHONOFLUORIDATE- 
INACTIVATED TRYPSIN* 


By NORWOOD K. SCHAFFER, ROBERT P. LANG, LEON SIMET, 
AND RICHARD W. DRISKO 


(From the Enzyme Chemistry Branch, United States Army Chemical Warfare 
Laboratories, Army Chemical Center, Maryland) 


(Received for publication, August 8, 1957) 


Isopropyl methylphosphonofluoridate (Sarin) is an esterase inhibitor 
with properties similar to those of DFP.!. DFP inactivates both trypsin 
and chymotrypsin forming monophosphory] derivatives of these enzymes 
(2). Sarin yields the analogous monophosphony] derivatives with chymo- 
trypsin (3) and trypsin.?, On acid hydrolysis the DFP and Sarin deriva- 
tives of chymotrypsin yield phosphoserine (5) and methylphosphonylserine 
(6), respectively. The DFP derivative possesses the amino acid configura- 
tion Gly.Asp.Ser-PO,.Gly about the phosphoserine residue (1, 7, 8). The 
DFP derivative of trypsin (DIP-trypsin) likewise yields phosphoserine on 
acid hydrolysis (9, 10). Dixon, Go, and Neurath (11) isolated two phos- 
phopeptides containing, respectively, eight and nine different amino acids 
from a chymotryptic digest of DIP-trypsin. Oosterbaan, Jansz, and 
Cohen (8) isolated a similar phosphopeptide containing 1 mole each of 
serine, aspartic acid or asparagine, proline, and valine, and 2 or 3 moles of 
glycine from a pancreatic digest of DIP-trypsin. 

The present report describes the isolation of Ser-MePOs;, Asp.Ser-MePOs, 
Ser-MePO3;.Gly, and Asp.Ser-MePO;.Gly from a 12 Nn HCl hydrolysate of 
the P*-labeled Sarin derivative of trypsin, isopropyl methylphosphonyl 
trypsin (IMeP-trypsin). 


* Presented in part at the Forty-seventh annual meeting of the American Society 
of Biological Chemists at Atlantic City, 1956 (1). 

1 The abbreviations used are as follows: Sarin, isopropyl methyl phosphonofluori- 
date; DFP, diisopropyl phosphorofluoridate; DIP, diisopropylphosphoryl; I[MeP, 
isopropyl methylphosphonyl; Ser-PO,, O-serinephosphoric acid; Ser-MePO;, O-ser- 
inemethylphosphonic acid; FDNB, fluoro-2,4-dinitrobenzene; DNP, 2,4-dinitro- 
phenyl; PTC, phenylthiocarbamyl; PTH, 3-phenyl-2-thiohydantoin; and customary 
amino acid abbreviations. 

2 Dr. H. O. Michel, in unpublished work, has found that, when trypsin is inacti- 
vated by Sarin, 0.8 equivalent of trypsin is bound per mole of phosphorus by using a 
specific extinction coefficient of 1.53 sq.cm. per mg. at 280 my and a molecular weight 
of trypsin of 24,000 (4). 
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EXPERIMENTAL 


P*_Labeled Isopropyl Methylphosphonyl Trypsin—3.0 gm. of crystalline 
trypsin,® containing approximately 50 per cent MgSQO,, were dissolved in 
50 ml. of 0.001 n HCl, and the sulfate was precipitated with an excess 
(2.71 gm.) of anhydrous CaCl. and separated by centrifugation (12). 
The CaSQ, precipitate was washed quantitatively with small portions of 
0.001 n HCl containing 0.2 mM CaCl». The supernatant fluid and washings 
(83.5 ml.) were brought to pH 8.0 with 0.1 N NaOH and 0.2 ml. of 4 m 
tris(hydroxymethyl)aminomethane buffer, pH 8.0, and 35 ul. of P*-labeled 
Sarin‘ (60 per cent pure, approximately a 2-fold excess) were added with 
shaking. The pH was kept at 8.0 with 0.1 N NaOH, and the solution was 
allowed to stand overnight at room temperature. The residual tryptic 
activity was negligible.’ The solution was dialyzed for 2 days at 4° 
against running distilled water. Three preparations of IMeP-trypsin 
were made by this procedure from 3.0, 2.0, and 1.5 gm. of trypsin. In 
another 3.0 gm. preparation the MgSO, was removed from the trypsin by 
dialysis. 

Partial Hydrolysis of [MeP-Trypsin and Dowex 50 Chromatography— 
After dialysis the derivative (about 1.5 gm.) was evaporated to dryness 
in vacuo, dissolved in 75 ml. of 12 N HCl, and hydrolyzed at 37° for 3 days. 
After removal of the HCl by repeated evaporation in vacuo, the residue was 
dissolved in 10 to 20 ml. of water and chromatographed on a column of 
Dowex 50-X8 (hydrogen form, 200 to 400 mesh), 2.6 cm. in diameter and 
100 cm. long, with 0.01 N HCl as the eluent at a flow rate of 7 to 13 ml. 
per hour. The P*®-containing fractions were purified by being rechro- 
matographed on a Dowex 50 column, 0.83 cm. in diameter and 100 cm. 
long, with 0.01 N HCl as the eluent at a flow rate of about 6 ml. per hour. 
P® was determined as previously described (14). 

Paper Chromatography—Two-dimensional paper chromatograms were 
prepared with 80 per cent phenol and 2,6-lutidine-ethanol-water 
(55:20:25) (15). With phenol, 7 ml. of 0.3 per cent ammonia and 5 ml. 
of 2 per cent sodium cyanide were present in small beakers in the Jar. 
With lutidine the same amount of cyanide and 0.2 ml. of diethylamine in 
a small test tube were present. The ascending method with 9 inch square 
chromatographic Whatman No. 1 filter paper was used. Color develop- 


3 Commercial preparation. 

‘This was obtained through the Defense Research Board of Canada. It had a 
specific activity of about 17 me. per mmole and an initial purity of 94 per cent. The 
purity had decreased to 60 per cent at the time of its use. The determination of 
purity was based on the rate and extent of reaction with chymotrypsin and with 
standardized cholinesterase preparations. 

5 Determined by Dr. H.O. Michel and Mr. V. Vely using tosylarginine methyl ester 
as substrate (13). 
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ment was with collidine-ninhydrin (16). Quantitative amino acid chro- 
matography was carried out according to the method of Block et al. (17) by 
measuring the maximal color density with a Welch photoelectric densitom- 
eter but by employing the color development procedure of Roland and 
Gross (18). 

Paper Electrophoresis—The horizontal suspension technique with strips 
of Whatman No. 1 filter paper, 18 inches X 1 inch, with a Precision iono- 
graph was employed (19). Peptides containing 3 y of phosphorus were 
spotted at one place, and dextran (10 ul. of 6 per cent solution) was spotted 
at another place on the dry strip to measure endosmosis. The paper wick 
of the moisture equilibrium bridge did not touch these spots at the start. 
The buffer was 0.2 m formic acid, pH 2.24. The potential gradient was 
6.6 volts per cm., the current was 1.7 to 1.9 ma., and the duration was 
5 to 7 hours at room temperature. Color development of peptides was 
with collidine-ninhydrin, and the dextran spot was revealed with brom 
phenol blue (20) after the ninhydrin color had been developed. 

N-Terminal and Peptide Degradation Methods—N-Terminal residues 
of peptides were determined by the FDNB and Edman phenyl] isothio- 
cyanate methods, and the latter procedure was used for the stepwise degra- 
dation of peptides (7). In the phenyl isothiocyanate method benzene was 
used in place of ethyl acetate in the extraction of the excess phenyl] isothio- 
cyanate from the PTC peptide. The PTH of methylphosphonylserine,® 
prepared on a small scale (0.8 umole), behaved like phosphoserine-PTH 
(7) in that it was not extractable by organic solvents and showed no move- 
ment with the paper chromatographic systems employed. 

DNP-methylphosphonylserine, prepared on a small scale (0.3 umole), 
yielded mainly DNP-serine and some unhydrolyzed DNP-methylphos- 
phonylserine after the hydrolysis with 6 N HCl at 100° for 16 hours to 
liberate the DNP residue. For the present purposes the 2.5 m phosphate 
buffer solvent at pH 6.0 (21), with the descending technique, was found to 
give the best paper chromatography of the DNP amino acids.? DNP- 
methylphosphonylserine gave an Fy value of 0.01 with this solvent. 

Partial hydrolysis of the DNP peptide (14) or, preferably, complete 
hydrolysis of the PTC peptide or the residual peptide after phenyl iso- 
thiocyanate degradation (subtractive methods) was useful to determine 
whether the N-terminal residue occurred more than once in the peptide. 


Results 


The Dowex 50 chromatogram obtained with the above described 3 gm. 
trypsin preparation showed seven main P*-containing fractions (Fig. 1). 
6 Synthetic methylphosphonylserine was prepared by Dr. J. J. O’Neill and Dr. 


R. EK. Plapinger of these laboratories. 
7 Standard DNP amino acids were commercial preparations. 
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From 70 to 84 per cent of the phosphorus was recovered in the four prep- 
arations. The nature of the main phosphopeptide component of each 
fraction obtained by rechromatography from the dialyzed 3.0 gm. trypsin 
preparation is summarized in Table I. Each rechromatographed fraction, 
except Fractions 1, 2, and 4, gave a single ninhydrin spot coinciding with 
the P®? on two-dimensional paper chromatography. 

Fractions 1 and 2—These fractions contained mainly non-peptide phos- 
phorus and presumably are methylphosphonic acid and isopropyl methyl- 
phosphonic acid. Fraction 1 contained ninhydrin-reacting material not 
bound to phosphorus. 


(C.PM. Xx 1075) 


PHOSPHORUS 


600 
TUBE NUMBER 


Fic. 1. Dowex 50 chromatogram of 12 Nn HCl hydrolysate of isopropyl methyl- 
phosphony] trypsin. 


Fraction 3—Rechromatography of this fraction yielded a single P® peak. 
It contained aspartic acid, serine, and glycine in the molar ratios 
of 0.8:1.0:1.0 to 1.0 for phosphorus by quantitative paper chromatography. 
It gave DNP-aspartic acid by the FDNB method. This fraction be- 
haved like the first Asp.Ser-PO,.Gly fraction from the same acid hydroly- 
sate of DIP-chymotrypsin (7) in that it did not yield a PTH derivative. 
Complete hydrolysis of the PTC derivative gave only serine and glycine. 
Since the amino acid sequence, Ser-MePO3.Gly, is established in Fraction 
6, the structure of Fraction 3 is Asp.Ser-MePQO;.Gly. The assumption of 
an N-terminal aspartic acid rather than an asparagine residue is based on 
the failure to find asparagine in the remaining aspartyl peptide fractions 
that yield PTH derivatives. 
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The ionogram of this fraction gave a single band indicating a single 
component. However, when the fraction (3 y of phosphorus) was chro- 
matographed on a descending paper with 80 per cent phenol for 50 hours, 
a small spot (Ry = 0.17) was detected in addition to the main spot (Rr = 
0.13). Since this small spot had the same R, value as the tripeptide com- 
ponent of Fraction 4, it is likely to be a contamination from that fraction. 

Fraction 4—Rechromatography of this fraction yielded a small prelimi- 


nary fraction (15 per cent of phosphorus) and a main fraction. The main 


fraction gave two spots by two-dimensional paper chromatography. Both 
fractions had the same amino acid composition, namely serine, aspartic 


TABLE I 


Phosphopeptide Fractions from 12 n HCl Hydrolysate 
of Isopropyl Methylphosphonyl Trypsin 


Residues by FDNB and Edman methods 
Amino acid 
N-Terminal and 3rd Structure 
= 1.0) in 
FDNB Edman Edman Edman) 
3 Asp,Ser,- Asp Asp* Asp.Ser- 
Gly (0.8: MePO;.Glyt 
1.0:1.0) 
4 Asp,Ser,- Asp Ser-MePO;)| Asp.Ser- 
Gly Ser-MePO; Ser-MePO; MePO;.Glytf 
(0.25: Ser-MePO; 
1.2:0.30) 
5B Asp, Ser Asp Asp Ser-MePO; Asp.Ser-MePO; 
(0.9:0.9) 
(6+ 7)C Ser, Gly | Ser-MePO; Ser-MePO;' Gly Ser-MePO;.- 
| (1.0:1.2) Gly 


* By subtractive method. 
t These peptides probably differ in that one is an isopropyl] derivative. 


acid, and glycine, and these were present in the molar ratios of 
1.2:0.25:0.30 to 1.0 for phosphorus in the main fraction. The main 
fraction gave aspartic acid-PTH and a spot at the origin consistent with 
methylphosphonylserine-PTH by the Edman method. Hydrolysis of the 
PTC or DNP peptide showed only the presence of serine and glycine. 
The second residue by the Edman method gave a PTH insoluble in ethyl 
acetate, which is consistent with the behavior of the PTH of methylphos- 
phonylserine. The residue of the second PTH contained free glycine. 
The FDNB method yielded DNP-aspartic acid, DNP-serine, and DNP- 
methylphosphonylserine. These results indicate that Fraction 4 is a 
mixture of methylphosphonylserine and Asp.Ser-MePO;.Gly. An analo- 
gous mixture was isolated from DIP-chymotrypsin (7). 
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The ionogram of Fraction 4 showed two components. ‘The band of one 
of these components was larger when synthetic methylphosphonylserine 
was added to Fraction 4. A comparison of Fraction 4 and Fraction 3 
with one-dimensional descending paper chromatography with 80 per cent 
phenol showed that the main spot had an Ry value of 0.26, the same as 
methylphosphonylserine, and a second spot (Ry = 0.17), the tripeptide 
component of Fraction 4, appeared to be the same as the small spot of 
Fraction 3. These results indicate that Fraction 4 consists of Ser-MePO,; 
and Asp.Ser-MePOQO;.Gly, the latter probably differing from Fraction 3 in 
that one or the other is an isopropyl derivative. 

Fraction 5—Rechromatography of this fraction yielded three subfrac- 
tions. Subfraction 5A (28 per cent of phosphorus of fraction) contained 
aspartic acid (N-terminal), serine, and glycine and probably represents 
contamination from Fraction 4. Subfraction 5B (65 per cent of phos- 
phorus) contained aspartic acid and serine in the molar ratio of 0.9:0.9 
to 1.0 for phosphorus. It yielded DNP-aspartic acid and aspartic acid- 
PTH. The residue of the first Edman degradation gave serine on com- 
plete hydrolysis and methylphosphonylserine when determined directly 
by paper chromatography with 80 per cent phenol. The ionogram of 
Subfraction 5B gave a single band. Subfraction 5B is therefore Asp.Ser- 
MePQs. 

Subfraction 5C (7 per cent of phosphorus) contained serine and glycine. 
The FDNB method gave mainly DNP-serine arising from methylphos- 
phonylserine. Subfraction 5C probably represents contamination from 
Fraction 6. 

Fractions 6 and 7—These fractions were combined for rechromatography 
in the dialyzed 3.0 gm. trypsin preparation and yielded four subfractions. 
Subfractions (6 + 7)A and (6 + 7)B, containing 22 and 5 per cent of the 
phosphorus of Fraction (6 + 7), respectively, yielded aspartic acid, serine, 
and glycine on complete hydrolysis. Aspartic acid was N-terminal in 
both subfractions, and, accordingly, both are probably tripeptides derived 
from Subfraction (6 + 7)D. Subfraction (6 + 7)C (65 per cent of phos- 
phorus) contained serine and glycine in the molar ratio of 1.0:1.2 to 1.0 
for phosphorus. It gave mainly DNP-serine from DNP-methylphos- 
phonylserine with the FDNB method. The pheny!] isothiocyanate method 
did not yield an extractable PTH which is consistent with the behavior of 
methylphosphonylserine-PTH. The residue of the first Edman degrada- 
tion contained glycine when determined by paper chromatography with 
80 per cent phenol. The ionogram of Subfraction (6 + 7)C showed a 
single band. Subfraction (6 + 7)C is therefore Ser-MePO;Gly. 

An insufficient amount of Subfraction (6 + 7)D (8 per cent of phos- 
phorus) was available for characterization. Aspartic acid, serine, and 
glycine were qualitatively detected in this subfraction. 
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DISCUSSION 


It seems more than a coincidence that two different esterases, trypsin 
and chymotrypsin, that are specifically inactivated by organo-phosphorus 
inhibitors, should possess the same amino acid sequence adjacent to the 
reactive serine residue phosphorylated in the inactivation reaction. Since 
these inactivators are regarded as irreversible, competitive inhibitors of 
such esterases (3, 22), it would appear that we are concerned with 
a catalytic site which has a common configuration in both enzymes. This 
concept was suggested by Koshland and Erwin (23), who isolated from 
phosphoglucomutase phosphopeptides with similar qualitative amino 
acid composition to those reported from an acid hydrolysate of Sarin- and 
DI P-inactivated chymotrypsin (1, 24). Histidine is not present in these 
phosphopeptides, yet there is strong evidence of its essential role in both 
organo-phosphorus inactivation and enzymatic activity of these esterases 
(25-27). The failure to detect the presence of an imidazole-DIP complex 
in the reaction of DFP with trypsin (28) could be accounted for by its 
lability (29). 

SUMMARY 


The isopropyl methylphosphonofluoridate derivative of trypsin, iso- 
propyl methylphosphonyl trypsin, was partially hydrolyzed with 12 N 
HCl at 37° for 3 days. Dowex 50 chromatography of the hydrolysate 
resulted in the separation of (1) methylphosphonylserine, (2) aspartyl- 
methylphosphonylserine, (3) methylphosphonylserylglycine, and (4) as- 
partylmethylphosphonylserylglycine. Another peptide with the same 
amino acid composition and sequence as peptide (4) was separated and 
is believed to be its isopropyl derivative. Asparagine is not a constit- 
uent of these peptides. 
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NOTES ON THE QUANTITATIVE DETERMINATION 
OF XANTHINES AND URIC ACIDS IN PLASMA 


By FELIX BERGMANN, SHABTAY DIKSTEIN,* ann MOSHE CHAIMOVITZ 


(From the Department of Pharmacology, The Hebrew University-Hadassah 
Medical School, Jerusalem, Israel) 


(Received for publication, February 21, 1957) 


In a previous publication (1) a chromatographic procedure was described 
for the separation of substituted xanthines and uric acids. Quantitative 
determination of these purine derivatives in small volumes of plasma so 
far had not been achieved. But application of the chromatographic 
procedures to this problem revealed some unexpected difficulties, which 
will be dealt with in this paper. 


Separation of Xanthines and Uric Acids from Proteins 


Because proteins interfere in the paper chromatographic procedure, it 
is necessary to separate them first from the purines. Xanthines (and all 
other basic purines) may be removed from plasma directly by cation ex- 
changers. In an analogous way, an attempt was made to adsorb the 
uric acids onto anion exchangers from weak alkaline solutions. This, 
however, proved impractical. With strong anion exchangers, elution was 
never complete. With weak exchangers, on the other hand, quantitative 
adsorption was very difficult. It thus became clear that a rational solu- 
tion of the problem could be achieved only by precipitation of the proteins. 

The first method tried was deproteinization with perchloric acid, which 
previously had been found useful in the analysis of uric acid in plasma (2). 
This procedure, although it gave a protein-free filtrate which contained 
all the purines present initially in the plasma, had to be abandoned when 
it was found that it led to complete destruction of the uric acids during 
subsequent paper chromatography (see below). Other common methods 
of deproteinization, by employing heavy metals, proved unsuitable. 
Either part of the purines was adsorbed on the precipitate, or the metal 
ions remaining in the solution catalyzed the oxidation of uric acids during 
chromatography. Likewise, trichloroacetic acid, which does not copre- 
cipitate purines, was found unsatisfactory for the following reasons: The 
large quantity of reagent, which accompanies the uric acid fraction after 
treatment with a cation exchanger, remains on the filter paper after spotting 
and drying. The area of the spot becomes impermeable, and wetting 


* Part of a thesis for the degree of Doctor of Philosophy, submitted to the Faculty 
of Science, The Hebrew University, Jerusalem, 1957. 
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with the solvent is made difficult. Therefore, individual compounds are 
spread over a larger area, and separation of mixtures is not sufficiently 
sharp. In conclusion, a reagent was required, which would not copre- 
cipitate any purines, and the excess of which could be removed easily from 
the filtrate. In view of the ability of all purines to form mercury com- 
plexes, which are soluble in strongly acid media, it was expected that 
deproteinization with mercuric salts under suitable conditions would 


TABLE 
Recovery of Xanthines and Uric Acids from Plasma during 
Various Steps of Separation Procedure 
100 y each of theophylline and 1,3-dimethyluric acid were added to 1 ml. of plasma. 
The same plasma served as ablank. All values of optical density represent the differ- 
ence between experiment and blank. Note that the optical density in 0.1 N HCl 
does not change when 10 per cent HgCl. is added. 


| 


Optical density at Recovery of 


1,3-Di- 
methyl- 
uric 
acid 


Theo- 
272 mu | 289 mp phyl- 
line 


per per 


cent cent 


Acid medium 


10 y per ml. theophylline in 0.1 nN HCl 0.465 | 0.12 
Same for 10 y per ml. 1,3-dimethyluric acid 0.295 | 0.53 
Filtrate, after deproteinization (volume, 10 ml.) 0.76 | 0.64 100, 98.5 


. ‘¢ precipitation of HgS (volume, 10 ml.) | 0.75 | 0.64) 99 | 98.5 
Effluent from cation exchanger column (volume, 15 | 0.19 | 0.34 
ml.) 
Alkaline medium 
10 y perml. theophyllinein 0.05 m borax or 0.25% LizCO; 0.61 | 0.28 
Same for 10 y per ml. 1,3-dimethylurie acid 0.265 | 0.76 
K-fhuent from cation exchanger, after concentration | 0.14 | 0.40 105 
in vacuo (volume, 20 ml.) 
Eluate from column, after concentration in vacuo (vol- | 0.305 0.14 | 100 
ume, 20 ml.) | 


leave the purines in solution. This was borne out by experiment. The 
most suitable reagent proved to be 10 per cent mercuric chloride in 0.1 N 
hydrochloric acid. The Hg-precipitated proteins tend to redissolve during 
washing. This is easily prevented by adding mercuric chloride to the 
washing solution. 

From the protein-free filtrate excess mercury was removed by hydrogen 
sulfide, and the filtrate was passed through a cation exchanger to separate 
two groups of components, basic and non-basic purines. Both were then 
determined spectrophotometrically. The results in Table I show that a 
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practically quantitative recovery of representative derivatives, added to 
plasma, was obtained after each single step. 


Quantitative Paper Chromatography 


Application of the procedure, described in Part II (1), to a plasma sample, 
treated in the above manner, gave the following results: (a) The xanthines, 
after development with Solvent A (ethanol-water-acetic acid), could be 
recovered with a yield of 90 to 95 per cent. (b) The uric acids, which were 
separated by the use of Solvent B (ethanol-pyridine-water), gave very 
erratic yields, recovery varying between 20 and 50 per cent. A systematic 
study of the possible factors responsible for these results revealed that 
the time of drying had a pronounced influence on the amount of material 


TABLE II 
Recovery of 1,3-Dimethyluric Acid from Paper Chromatograms 
As Function of Drying Time 

Samples of 50 y of 1,3-dimethyluric acid were spotted on filter paper and de- 
veloped with Solvent B. The papers were then dried in the open air at room tem- 
perature (22°) for various periods. The recovery values were calculated from the 
difference in optical density between experiment and a water blank, treated in the 
same manner. After 1 hour’s drying, part of the pyridine still adhered to the paper 
and thus produced high blank readings. 


Time of exposure to air Recovery 
hrs. per cent 
1 62 
7 30 
24 0) 


extractable from the filter paper (Table II). When xanthines were chro- 
matographed with Solvent B, recovery was about 95 per cent, even after 
drying for 12 hours. On the other hand, when the uric acids were devel- 
oped with Solvent A, they could be recovered with a yield of 85 to 90 per 
cent, similar to that of the basic purines. These findings indicated that 
the presence of pyridine during the drying process caused the disappearance 
of the uric acids. ‘ In a recent investigation (3) it was observed that pyri- 
dine, under the conditions of paper chromatography, is autoxidized to a 
derivative, which, like hydroxylamine, can be converted into nitrous 
acid. It thus appears possible that oxidation products of pyridine (e.g. 
pyridine-N-oxide) are responsible for or catalyze the oxidation of uric 
acids on the cellulose surface. 

This effect became still more pronounced in the presence of perchlorate. 
If the plasma was deproteinized with perchloric acid, the latter passed 
through the cation exchanger, together with the uric acids, and thus 
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accompanied them during paper chromatography. After development 
with Solvent B, drying for 1 hour was sufficient to destroy the uric acids 
completely. Since no simple means are available to remove the excess 
perchloric acid, this reagent could not be used as a deproteinizing agent. 

Pyridine possesses strong ultraviolet absorption and has, therefore, to 
be removed quantitatively, before spectrophotometric analysis of the uric 
acids is carried out. Since this solvent is indispensable for separation of 
homologous methyluric acids, attempts were made to extract the base 
immediately after removal of the paper from the chromatographic chamber. 
Solvents, which are miscible with water, remove the aqueous phase, to- 
gether with its solutes, almost completely. Therefore, water-immiscible 
liquids were tried. Passing the paper several times through a benzene 
bath removed the pyridine efficiently, but part of the aqueous phase was 
also extracted and the recovery of uric acids was only 70 to 75 per cent. 
It was then decided to subject the paper to development in the second 
dimension with acid Solvent A. The paper, after development with 
Solvent B, was transferred, while still wet, to a second chamber and 
developed with Solvent A. Pyridine or its possible oxidation products 
then migrate with the solvent front. 

The procedure for the determination of xanthines and uric acids in 
plasma is carried out as described below. 


Reagents and Materials 


Deproteinization—Mercuric chloride, 10 per cent in 0.1 N HCl; wash 
liquid, 1 per cent mercuric chloride in 0.1 N HCl, and hydrogen sulfide 
were employed. . 

Adsorption on Cation Exchanger—Dowex 50-X4 or -X16 (H*) resin was 
washed in the usual way and used in the hydrogen form. A column 
10 cm. in length and 0.6 cm. in diameter was found satisfactory for the 
retention of all basic purines, contained in 2 ml. of plasma. Wash liquid, 
0.05 n HCl; 10 per cent ammonia for elution, and lithium carbonate, 
0.25 per cent aqueous solution, were employed. 

Chromatography— Descending chromatography was carried out on 
Whatman No. 1 paper sheets, which were cleaned as follows: Immerse for 
1 hour in 0.05 m borax (about pH 9). Decant the liquid and cover the 
paper with 10 per cent acetic acid. After 1 hour put the tray upright and 
let the solvent drip off overnight. Complete the drying process by hanging 
the paper up in free air. 

The purity of the paper was tested by extracting strips of 2 X 10 cm. 
with 8 ml. of borax solution and reading in a Beckman spectrophotometer 
at the wave lengths required for the compounds under study. The optical 
density of this blank was always below 0.1. 
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The solvents used in the development of the chromatograms are as 
follows: Solvent A for xanthines (95 per cent ethanol-water-acetic acid, 
85:10:5 by volume) and Solvent B for uric acids (95 per cent ethanol- 
pyridine-water, 70:20:10 by volume). 


Method 


1 ml. of plasma is diluted with 9 ml. of 0.1 N HCl. Drop by drop, 2 ml. 
of 10 per cent mercuric chloride are added, and the mixture is heated on a 
water bath for 5 minutes. The vessel is then immersed in ice for a few 
minutes. The contents are filtered through Whatman No. 40 filter paper, 
and the paper and precipitate are washed twice with about 10 ml. of 1 
per cent mercuric chloride solution. The combined filtrate and washings 
are saturated with hydrogen sulfide for 20 minutes. The sulfide is re- 
moved by filtration, and the filter with precipitate is washed twice with 
warm 0.1 N HCl. The resulting filtrate and washings are boiled for 5 
minutes to remove excess hydrogen sulfide. The pH is now tested and, 
if necessary, readjusted to about pH 1. At this point, the solution can be 
concentrated 7m vacuo, in case the volume has become inconveniently 
large. The solution is passed through the Dowex column, which is then 
washed with 10 ml. of 0.05 n HCl. The effluent, which contains all uric 
acids, is concentrated to dryness in vacuo. The solid residue is extracted 
with 1 ml. of lithium carbonate solution. An aliquot of the extract (0.05 
to 0.5 ml.) is placed on one side of a paper sheet over a length of 3 to 10 
em. After chromatographing with Solvent B for about 12 hours (liquid 
front 30 ecm. beyond starting line), the paper is transferred to another 
chamber and developed in the second dimension with Solvent A for 4 to 6 
hours. It is then air-dried and cut into strips of 2 to 3 cm. width, parallel 
to the original starting line, the number of divisions depending on the 
number of components to be expected. Each strip is soaked in 8 ml. of 
borax, the paper being mashed with a glass rod. Extraction is extended 
over 90 minutes at room temperature. The liquid is now squeezed out 
by compressing the paper pulp with a large glass rod and filtered. Each 
extract is read in a Beckman ultraviolet spectrophotometer at the wave 
lengths characteristic for the individual components. On a second paper 
sheet is placed a plasma blank, which has undergone exactly the same 
treatment as the analytical sample. The readings of each control are 
subtracted from the corresponding analytical strip. | 

The xanthines (and other basic purines) are eluted from the resin with 
six portions of 20 ml. of 10 per cent ammonia. The eluate is concentrated 
in vacuo and redissolved in 1 ml. of lithium carbonate solution. It is 
then chromatographed as described for the uric acids, but with Solvent A. 

A representative recovery experiment is given in Table ITI. 
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Sensitivity of Method 


The lower limit of the method is set by the instrument used for spectro- 
photometric determination. In the usual quartz cell of 1 cm. width, at 
least 4 ml. of solution are required. A reading of 0.1 optical density 
above the control, corresponding usually to 1.5 to 2 y per ml., is reliable 
to within 10 per cent. Therefore, at least 12 to 16 y have to be present 


TaBLeE III 
Spectrophotometric Analysis of Paper Chromatograms of Theophylline 
and 1,3-Dimethyluric Acid Separated from Plasma 
60 y of theophylline and 100 y of 1,3-dimethyluric acid were added to 1 ml. of 
plasma. The finished paper chromatograms were cut into ten strips. The con- 
trols were run with plasma alone. Each strip was extracted with 10 ml. of borax. 


Theophylline, solvent front 1,3-Dimethyluric acid, solvent 
37 cm. front in Solvent B 36 cm. 
Strip No. Optical density at 272 mu of Optical density at 289 my of 
P th Pla i. 
1 0.120 0.125 0.140 0.140 
2 0.105 0.100 0.115 0.115 
3 0.105 0.105 0.115 0.110 
4 0.095 0.095 0.110 0.375 
0.120 0.115 0.120 0.420 
6 0.110 0.220 0.130 0.250 
7 0.085 0.300 0.110 0.120 
0.085 0.095 0.120 0.125 
0.110 0.115 0.145 0.150 
10 0.205 0.205 0). 250 0). 240 
0.195* 0).520* 0. 360T 1.045t 
A optical density. ............. 0.325 = 5.7 y per ml. 0.685 = 9 y per ml. 


* Strips 6 + 7. 
Tt Strips 4 to 6. 


for extraction with 8 ml. of borax to limit the error to +10 per cent. This 
amount should represent conveniently not more than 2 ml. of the original 
plasma, in order to avoid the handling of too large quantities of protein and 
mercuric sulfide. The use of suitable microcells lowers this limit. 


Tsolation and Identification of Purines in Plasma 
after Application of Theophylline 


Three groups of three rats, each weighing about 200 gm., were used in 
this experiment. The first group served as control, while the second and 


rh 
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third received 50 mg. of theophylline by intraperitoneal injection. 
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The 


second group was killed 60 minutes later and the third after 4 hours. Blood 


TABLE IV 


Analysis of Rat Plasma after Intraperitoneal Injection of Theophylline 
Column | represents the analysis of the control plasma, Column 2, of plasma 60 


minutes after injection, and Column 3, 4 hours after injection. 


The paper was cut 


into twenty strips, and each strip was extracted with 7 ml. of borax solution. 
Basic Purines—A control spot of 50 y of theophylline was placed on the edge of 


the paper and stained separately after completion of chromatography. 


an Rep of 0.75. 


It showed 


Uric Acids—A control spot of 50 y of 1,3-dimethyluric acid was placed on the 


paper and stained separately. 


It gave an Rp of 0.55. 


— 


Basic purines 


Uric acids 


Optical density at 272 my 


Optical density at 289 mp 


Strip No. 
ee Column 2 Column 3 er an Column 2 Column 3 
1 0.32 0.30 0.32 0.30 | 0.37 0.21 
2 0.19 | 0.20 0.20 0.19 | 0.19 0.1 
3 0.17 | 0.18 0.19 0.08 | 0.075 0.07 
4 0.17 0.18 0.19 0.06 | 0.075 0.07 
5 0.165, 0.175 0.18 0.06 | 0.08 0.075 
6 0.175, 0.17 0.18 0.065; 0.075 0.07 
7 0.16 | 0.17 0.185 0.07 | 0.06 0.065 
S 0.17 | 0.19 0.19 0.065) 0.08 0.07 
8) 0.18 | 0.17 0.185 0.06 | 0.075 0.075 
10 0.24 0.21 0.20 0.07 | 0.21 0.155 
11 0.27 | 0.26 0.24 0.06 | 0.135 0.22 
12 0.165) 0.17 - 0.19 0.07 | 0.075 0.08 
13 0.195, 0.20 0.185 0.06 | 0.08 0.07 
14 0.20 | 0.65 0.43 0.06 | 0.08 0.07 
15 0.21 | 1.10 0.98 0.09 | 0.075 0.09 
16 0.20 | 0.20 0.20 0.085 0.08 0.07 
17 0.24 | 0.24 0.22 0.06 | 0.07 0.075 
18 0.36 | 0.35 0.26 0.07 | 0.085 0.075 
19 0.37 | 0.375 0.32 0.07 | 0.085 0.075 
20 0.42 | 0.45 0.40 0.09 | 0.1 0.23 
Sum of Strips 10 
0.51 | 0.47 0.44 0.13 | 0.345 0.375 
Sum of Strips 14 
ty 0.41 | 1.75 1.41 
A optical density 
(experiment 
minus control). 1.34 = 1.00 = 0.215 = 0.245 = 


it 
y 
le 
it 
| 
23.5 ¥ 17.5 2.9 ¥ 3.3 ¥ 
, | per ml. per ml. | per ml. per ml. 
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was collected from the heart and centrifuged immediately, and the plasma 
was pipetted off. 3 ml. of plasma from each group were subjected to the 
purification procedure described above and finally chromatographed on 
paper. The results in Table IV show that a single component with 
Ry = 0.55 appeared in the uric acid fraction. In the xanthine series, in 
addition to a component of Rr = 0.55 (Strips 10 and 11), present also 
in the control plasma, a single new metabolite with Ry = 0.75 appeared. 
These figures were identical with the Ry values of 1,3-dimethyluric acid 
and theophylline, respectively, placed on the same chromatograms. 


TABLE V 
Spectrophotometric Identification of Metabolites of Theophylline in Rat Plasma 


| pH § pH 9 pH 12 


Chromatographic Strips 14 + 15 of xanthine fraction 


Ratio of ¢ at pH 5 and 12..................... 0.96 

Same ratio for theophylline standard.......... 0.90 


Chromatographic Strips 10 + 11 of uric acid fraction 


pH 2 pH 9 pH 12 
Ratio of eat pH 9 and 2...................... 1.37 . 
Same ratio for standard of 1,3-dimethyluric 


Fractions 10 and 11 of the basic purines show an R;, value, relative to that 
of theophylline, of 0.73; this indicates adenine or, less likely, hypoxanthine. 

Unequivocal identification of the metabolites was achieved by using 
the characteristic shifts of their absorption maxima as a function of pH. 
As shown earlier (Bergmann and Dikstein (4)), theophylline, in contrast 
to all other xanthines, exhibits a shift of \max from 272 to 275 my between 
pH 6 and 12. The combined Fractions 14 and 15 of each xanthine chro- 
matogram were therefore subjected to ultraviolet absorption measure- 
ments at pH 5 and 12. Similarly, 1,3-dimethyluric acid exhibits a single 
shift between pH 2 and 8, its Amax increasing from 286 to 296 my. The 
absorption spectra of combined Fractions 10 and 11 of each uric acid 
chromatogram were therefore measured at pH 2 and 9. All results are 
summarized in Table V. It can be concluded that both the Rp values and 
the pH shifts of \max identify the two metabolites beyond doubt. 
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DISCUSSION 


In existing procedures for purine analysis in plasma essentially a com- 
bination of enzymatic and spectrophotometric methods (5, 6) is employed. 
However, in the xanthine series only the mother substance and its 1- 
methyl derivative are substrates of mammalian xanthine oxidase (7), 
and only uric acid itself is attacked by uricase. Therefore, methylated 
derivatives, which occur in the metabolism of substituted xanthines, so 
far could not be determined satisfactorily in plasma. The recovery 
experiments, described in the present paper, show that it is possible, by 
suitable deproteinization and a combination of ion exchange and paper 
chromatography, to analyze these metabolites in minimal quantities of 
about 20 y. The volume of plasma thus required depends on the con- 
centration of the metabolites, but in actual experiments the substituted 
purines are given in maximal tolerated doses. ‘Therefore, usually 1 to 5 
ml. of plasma will contain a sufficient quantity of the purine derivative 
sought. 

Application of the methods described here to metabolic studies will be 
presented in a future paper. 


SUMMARY 


1. Deproteinization of plasma with mercuric chloride makes possible 
the quantitative analysis by paper chromatography of substituted xan- 
thines and uric acids, which cannot be determined by the existing enzy- 
matic procedures. 

2. Uric acids, after chromatographic separation with a pyridine-con- 
taining solvent, cannot be determined quantitatively, unless the base is 
removed completely. Pyridine is autoxidized under the experimental 
conditions and thus promotes the oxidative destruction of uric acids. 


This investigation was supported by a research grant from the Hadassah 
Medical Organization. 
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ON THE QUANTITATIVE DETERMINATION OF 
XANTHINES AND URIC ACIDS IN URINE 
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(From the Department of Pharmacology, The Hebrew University-Hadassah 
Medical School, Jerusalem, Israel) 


(Received for publication, March 7, 1957) 


In a previous publication (1) a procedure for paper chromatographic 
separation of xanthines and uric acids was described, which may serve as 
the prerequisite for quantitative determination of these compounds in 
biological fluids. Application of the procedure to plasma has been pre- 
sented in a previous article (2). When the method was applied to urine, 
it became apparent that contaminating substances, which exhibited un- 
specific absorption in the critical spectral range (250 to 320 my), interfered 
with the spectrophotometric determination of the purines. In addition, 
some strongly fluorescent material was trailing through the chromatogram 
and made recognition of individual spots by staining very difficult. The 
large amount of solutes (e.g. salts, urea) also interfered with a clean separa- 
tion of the microgram quantities of the substances to be determined. 
It was, therefore, necessary to separate the purines as far as possible 
from the other solutes before the application of paper chromatography. 

For this purpose, use was again made of the ability of all purines to 
combine with mercury. It was predicted that formation of insoluble 
complexes would lead to an effective separation of purines from most of 
the other solutes in urine. This idea was realized by adsorption of purines 
on an ion exchanger column loaded with Hg*t+. 


Materials 


Amberlite 112-H*+ was obtained through the courtesy of Dr. R. Kunin 
of Rohm and Haas Company, Philadelphia. Dowex 50-H+ of high 
porosity was a gift of Dr. T. Alfrey, The Dow Chemical Company, Mid- 
land, Michigan. ‘The latter resin was purified by washing with 6 per cent 
ammonia, followed by 3 N hydrochloric acid, and finally by water. The 
Dowex resin proved preferable for the present analytical purposes, since 
elution with acids (see below) gave solutions which were transparent in 
ultraviolet light, whereas various Amberlites tested released light-absorbing 
contaminants even after prolonged washing. 


* Part of a thesis for the degree of Doctor of Philosophy, submitted to the Faculty 
of Science, The Hebrew University, Jerusalem, 1957. 
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Loading with Mercuric Ions 


A solution of 10 per cent mercuric acetate, acidified with a few drops of 
acetic acid to prevent precipitation of HgO, was passed through Dowex 
50-H* until the Hg** concentration in the effluent was equal to that of the 
original solution. With some experience, this point can be recognized 
by the eye, even without analytical determination, because the resin changes 
its color from dark brown to light brown during loading. For samples 


10 B moles /rl Hg** 


Fic. 1. Optical density of the mercury-diphenylearbazone complex as funetion of 
the concentration of Hg*tt ions. Each tube contained in a total volume of 10 ml. the 
following: 1 ml. of 0.05 per cent diphenylearbazone in 95 per cent ethanol, the sample 
of Hgt*, and 0.1 mM acetate buffer of pH 5.5. The readings were taken with filter 
No. 52. 


up to 1 mg. of total purines, a column of 10 cm. length and 6 mm. diameter 
was found satisfactory. 

Titration of mercuric ions is easily accomplished by the following pro- 
cedure: To an aliquot of the unknown add 1 ml. of 0.05 per cent diphenyl- 
carbazone in 95 per cent ethanol and then 0.1 m acetate buffer, pH 5.5, to 
a final volume of 10 ml. The violet color is read in a Klett-Summerson 
photoelectric colorimeter with filter No. 52. The calibration curve in 
Fig. 1 shows that 100 Klett units correspond to 6 K 10-§ mole of Hgtt 
(3). It should be noted that in this method only mercuric zons are meas- 
ured. Complex salts do not give the color reaction below a certain 
critical pH. 
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Results 
Column of Resin in Hgt+ Form 


When a cation exchanger, such as Dowex 50, is loaded by means of a 
solution of mercuric acetate, it absorbs the metal ion until the replacement 
corresponds to the ratio 1Hg**:2H*. The Hg**-loaded resin can thus 
be represented by the general structure R(SO;-)2: Hg". 

Because in this structure all electrovalencies of the mercuric ions are 
saturated by negative charges of the resin, interaction with solutes can 
take place in two ways: (a) by complex formation and (b) by salt forma- 
tion, involving competition with the anionic groups of the resin. In view 
of the fact that purines are very weak acids, the first alternative seems more 
probable. 


Determination of Hg Capacity of Resin 


1.388 gm. of moist resin (equal to 0.416 gm. of dry weight) were loaded 
as described under ‘“‘Method”’ and eluted with 16 ml. of 1 N HNO;. The 


_ pH of the eluate was adjusted to 5.5 with acetate buffer, and titration of 


Hgt+ was performed as described above. The Hg capacity corresponded 
to 1.12 mmoles of Hgtt, as against 2.16 mmoles of Nat capacity. 

The resin in the Hg+* form is unstable towards strong acids, which re- 
move the metal quantitatively and regenerate the H+ form of the cation 
exchanger. Decomposition can also be achieved by use of hydrogen sulfide, 
but this procedure, when applied to the resin in column form, is impractical, 
because the reaction produces considerable swelling and the tube becomes 
clogged. The Hgt+t-loaded resin is stable towards weak acids; it is decom- 
posed only above pH 7. Isotonic saline removes the metal only very 
slowly, but 5 per cent salt washes it out quickly. 

When a solution of uric acid, pH 5 to 7, was passed through a column 
of the Hgt++ resin, the compound was retained quantitatively in the upper 
part. When 3 n HCl was used for elution, a white precipitate formed 
which moved down slowly and finally dissolved. Analysis showed that 
this precipitate is mercuric chloride. The reaction of hydrochloric acid 
with the resin was so strongly exothermic that the tube became hot. In 
the same way, it was found that all purines are adsorbed quantitatively, 
including caffeine and tetramethyluric acid, which cannot form Hg salts. 
This supports the view that the selective adsorption process involves 
complex formation. 

When a variety of eluting agents was tested, the significant observation 
was made that mercuric salts are unable to elute the purines from the 
column. Neither mercuric chloride nor mercuric acetate, in 5 per cent 
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solution, could remove adsorbed caffeine, theophylline, or 1 ,3-dimethyl- 
uric acid. The ability of Hg** to form complexes was thus incomparably 
stronger than that of mercuric ions in solution. 


Separation of Xanthines and Uric Acids 


In the course of the analysis described in a previous paper (2), the 
purified purines are passed through a cation exchanger in order to separate 
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Fic. 2. Selective elution of theophylline and 1,3-dimethyluric acid frgm the 
mercury column. Through a mercury column of 10 cm. length and 6 mm. diameter, 
was passed a solution, containing 200 y each of theophylline (X) and of 1,3-dimeth- 
ylurie acid (U). The column was washed with 10 ml. of water and then fractionally 
eluted with 10 ml. portions of 1 Nn HCl. In each fraction the two components were 
determined by taking direct readings at 272 and 295 mu. The abscissa indicates 10 
ml. portions of eluate. Bars shaded to the left, 1,3-dimethylurie acid (recovery 
95 per cent). Bars shaded to the right, theophylline (over-all recovery from Frac- 
tions 1 to 5, 102 per cent). 


basic and non-basic components of the mixture. Because elution of the 
Hg*++-loaded resin with acid regenerates the original cation exchanger, it 
was thought possible to separate a mixture of uric acids and xanthines 
by first adsorbing both onto the Hg resin and then eluting the uric acids 
selectively, the xanthines being retained as cations. The results of a 
representative experiment are shown in Fig. 2. Although 1 ,3-dimethyluric 
acid was eluted before theophylline, the separation was not quantitative. 
This approach was therefore abandoned, although the possibility has not 
been excluded that in other more special cases such a method may be 
applicable. 
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All purines were eluted together by means of hydrochloric acid, which 
removed the adsorbed mercuric ions completely. The solution was then 
freed from the metal ions with hydrogen sulfide. Recovery of xanthines, 
uric acids, and other purines, when dissolved in water, was between 95 
and 100 per cent. Analogous determinations for urine, however, were not 
feasible. 


Method 


Urine (1 to 2 ml.), diluted five to ten times with water, and, if necessary, 
adjusted to pH 5 to 7, is passed through a column of the Hgt+-loaded resin 
of 10 em. length and 0.6 em. diameter. The column is then washed with 


10 ml. of water. 
Elution is effected with 50 ml. of 3 nN HCl. The eluate is saturated with 


hydrogen sulfide at room temperature for 20 minutes, and the supernatant 


fluid is decanted from the mercuric sulfide onto a Whatman No. 40 filter. 
The precipitate is stirred twice with hot 0.1 N HCl, and the washings are 
decanted through the same filter. 

The filtrate is heated over an open flame for 5 minutes to expel excess 
hydrogen sulfide. If necessary, the pH of the solution is adjusted to 1. 
The solution is then passed through Dowex 50-H*t. All further steps are 
carried out as described previously for the analysis of purines in plasma (2). 

In contrast to the observations made with serum it was not possible to 
determine xanthines and urie acids during the intermediate steps of urine 
analysis, since, even after precipitation by means of the Hg*+-loaded resin, 
contaminating materials still prevented spectrophotometric measurements 
from being taken before chromatography. 

A representative analysis of a urine sample, to which theophylline and 
1 ,3-dimethyluric acid were added, is represented in Table I. It is evident 
that the special purification method, described above, does not eliminate 
all interfering substances. Therefore, high blank readings were obtained 
throughout with the control urine. Nevertheless, recovery of theophylline 
reached 95 per cent and that of dimethyluric acid 85 per cent. The uric 
acid, present originally, is concentrated almost completely in the first 
strip, but other materials with ultraviolet absorption are spread over the 
whole chromatogram. It also appears that the urine used contained an 
appreciable amount of 1,3-dimethylurie acid, in spite of the fact that the 
donor abstained from coffee, tea, and cocoa for 24 hours prior to collection 
of the urine sample. 


Isolation and Identification of Purines Excreted in Rat Urine 
after Application of Theophylline 


Each of three fasting rats (of 400 gm. total weight) received 20 mg. of 
theophylline intravenously. Control urine was collected before the start 
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10 moles /ml Hg** 


Fig. 1. Optical density of the mercury-diphenylcarbazone complex as function of 
the concentration of Hg*t ions. Each tube contained in a total volume of 10 ml. the 
following: 1 ml. of 0.05 per cent diphenylcarbazone in 95 per cent ethanol, the sample 
of Hg*tt, and 0.1 m acetate buffer of pH 5.5. The readings were taken with filter 
No. 52. 


up to 1 mg. of total purines, a column of 10 cm. length and 6 mm. diameter 
was found satisfactory. 

Titration of mercuric ions is easily accomplished by the following pro- 
cedure: To an aliquot of the unknown add 1 ml. of 0.05 per cent diphenyl- 
carbazone in 95 per cent ethanol and then 0.1 m acetate buffer, pH 5.5, to 
a final volume of 10 ml. The violet color is read in a Klett-Summerson 
photoelectric colorimeter with filter No. 52. The calibration curve in 
Fig. 1 shows that 100 Klett units correspond to 6 X 10-* mole of Hgt* 
(3). It should be noted that in this method only mercuric zons are meas- 
ured. Complex salts do not give the color reaction below a certain 
critical pH. 
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When « cateen exchanger, euch Dowex & loaded by means 
«ution of mercunc acetate. it absorts the metal ran until the replacement 
corresponds to the ratio The Hg" leaded resin can thus 
he represented by the general structure R(SO, Hg” 

Because in this structure all electrovalencies of the mercuric ions are 
saturated by negative charges of the resin, interaction with solutes can 
take place in two ways: (a) by complex formation and (6) by salt forma- 
tion, involving competition with the anionic groups of the resin. In view 
of the fact that purines are very weak acids, the first alternative seems more 
probable. 

Determination of Hg Capacity of Resin 


1.388 gm. of moist resin (equal to 0.416 gm. of dry weight) were loaded 
as described under ‘“‘Method”’ and eluted with 16 ml. of 1 Nn HNO 3. The 
pH of the eluate was adjusted to 5.5 with acetate buffer, and titration of 
Hg++ was performed as described above. The Hg capacity corresponded 
to 1.12 mmoles of Hgt*, as against 2.16 mmoles of Nat capacity. 

The resin in the Hg+* form is unstable towards strong acids, which re- 
move the metal quantitatively and regenerate the H+ form of the cation 
exchanger. Decomposition can also be achieved by use of hydrogen sulfide, 
but this procedure, when applied to the resin in column form, is impractical, 
because the reaction produces considerable swelling and the tube becomes 
clogged. The Hgt+-loaded resin is stable towards weak acids; it is decom- 
posed only above pH 7. Isotonic saline removes the metal only very 
slowly, but 5 per cent salt washes it out quickly. 

When a solution of uric acid, pH 5 to 7, was passed through a column 
of the Hg+* resin, the compound was retained quantitatively in the upper 
part. When 3 nN HCl was used for elution, a white precipitate formed 
which moved down slowly and finally dissolved. Analysis showed that 
this precipitate is mercuric chloride. The reaction of hydrochloric acid 
with the resin was so strongly exothermic that the tube became hot. In 
the same way, it was found that all purines are adsorbed quantitatively, 
including caffeine and tetramethyluric acid, which cannot form Hg salts. 
This supports the view that the selective adsorption process involves 
complex formation. 

When a variety of eluting agents was tested, the significant observation 
was made that mercuric salts are unable to elute the purines from the 
column. Neither mercuric chloride nor mercuric acetate, in 5 per cent 
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solution, could remove adsorbed caffeine, theophylline, or 1 ,3-dimethyl- 
uric acid. The ability of Hg** to form complexes was thus incomparably 
stronger than that of mercuric ions in solution. 


Separation of Xanthines and Uric Acids 


In the course of the analysis described in a previous paper (2), the 
purified purines are passed through a cation exchanger in order to separate 
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Fic. 2. Selective elution of theophylline and 1,3-dimethyluric acid from the 
mercury column. Through a mercury column of 10 cm. length and 6 mm. diameter, 
was passed a solution, containing 200 y each of theophylline (X) and of 1,3-dimeth- 
ylurie acid (U). The column was washed with 10 ml. of water and then fractionally 
eluted with 10 ml. portions of 1 Nn HCl. In each fraction the two components were 
determined by taking direct readings at 272 and 295 mu. The abscissa indicates 10 
ml. portions of eluate. Bars shaded to the left, 1,3-dimethyluric acid (recovery 
95 per cent). Bars shaded to the right, theophylline (over-all recovery from Frac- 
tions 1 to 5, 102 per cent). 


basic and non-basic components of the mixture. Because elution of the 
Hgt+-loaded resin with acid regenerates the original cation exchanger, it 
was thought possible to separate a mixture of uric acids and xanthines 
by first adsorbing both onto the Hg resin and then eluting the uric acids 
selectively, the xanthines being retained as cations. The results of a 
representative experiment are shown in Fig. 2. Although 1 ,3-dimethyluric 
acid was eluted before theophylline, the separation was not quantitative. 
This approach was therefore abandoned, although the possibility has not 
been excluded that in other more special cases such a method may be 
applicable. 
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All purines were eluted together by means of hydrochloric acid, which 
removed the adsorbed mercuric ions completely. ‘The solution was then 
freed from the metal ions with hydrogen sulfide. Recovery of xanthines, 
uric acids, and other purines, when dissolved in water, was between 95 
and 100 per cent. Analogous determinations for urine, however, were not 
feasible. 


Method 


Urine (1 to 2 ml.), diluted five to ten times with water, and, if necessary, 
adjusted to pH 5 to 7, is passed through a column of the Hg*++-loaded resin 
of 10 em. length and 0.6 em. diameter. The column is then washed with 
10 ml. of water. 

Elution is effected with 50 ml. of 3 nN HCl. The eluate is saturated with 
hydrogen sulfide at room temperature for 20 minutes, and the supernatant 
fluid is decanted from the mercuric sulfide onto a Whatman No. 40 filter. 
The precipitate is stirred twice with hot 0.1 N HCl, and the washings are 
decanted through the same filter. 

The filtrate is heated over an open flame for 5 minutes to expel excess 
hydrogen sulfide. If necessary, the pH of the solution is adjusted to 1. 
The solution is then passed through Dowex 50-H*. All further steps are 
carried out as described previously for the analysis of purines in plasma (2). 

In contrast to the observations made with serum it was not possible to 
determine xanthines and uric acids during the intermediate steps of urine 
analysis, since, even after precipitation by means of the Hgt+-loaded resin, 
contaminating materials still prevented spectrophotometric measurements 
from being taken before chromatography. 

A representative analysis of a urine sample, to which theophylline and 
1 ,3-dimethyluric acid were added, is represented in Table I. It is evident 
that the special purification method, described above, does not eliminate 
all interfering substances. Therefore, high blank readings were obtained 
throughout with the control urine. Nevertheless, recovery of theophylline 
reached 95 per cent and that of dimethyluric acid 85 per cent. The uric 
acid, present originally, is concentrated almost completely in the first 
strip, but other materials with ultraviolet absorption are spread over the 
whole chromatogram. It also appears that the urine used contained an 
appreciable amount of 1,3-dimethyluric acid, in spite of the fact that the 
donor abstained from coffee, tea, and cocoa for 24 hours prior to collection 
of the urine sample. 


Isolation and Identification of Purines Excreted in Rat Urine 
after Application of Theophylline 


Each of three fasting rats (of 400 gm. total weight) received 20 mg. of 
theophylline intravenously. Control urine was collected before the start 
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of the experiment, and the experimental sample 8 hours after the injection, 
3 ml. of each were passed through a 20 cm. column of Dowex 50-Hg*+, 


TaBLeE I 


Spectrophotometric Analysis of Paper Chromatograms of Theophylline and 
1,3-Dimethyluric Acid Separated from Urine 


Urine was collected from a person who abstained for 24 hours from all foodstuffs 
containing substituted xanthines. To 1 ml. of urine 80 y of theophylline and 100, 
of 1,3-dimethyluric acid were added. After purification by means of the Hg**. 
loaded resin and passage through a cation exchanger, the basic and non-basic purine 
fractions were each dissolved in 0.5 ml. of 0.25 per cent LizCO; solution. A 0.4 ml. 
aliquot of the final solution, corresponding to 64 y of theophylline and 80 y of 1,3- 
dimethyluric acid, respectively, was spotted on paper sheets. After development, 
each chromatogram was cut into ten strips, and each strip was extracted with 10 
ml. of borax. 

Theophylline—After development with Solvent A (2) and drying for 12 hours. 

1,8-Dimethyluric Acid—After two-dimensional chromatography with Solvent B 
(2) (solvent front, 30 cm.) and with Solvent A (solvent front, 40 cm.). Ten strips 
were cut out parallel to the original starting line. 


Theophylline 1,3-Dimethyluric acid 
Strip No. Optical density at 272 my of Optical density at 289 my of 
1 0.32 0.33 1.2 1.2 
2 0.25 0.24 0.22 0.21 
3 0.26 0.28 0.31 0.28 
4 0.23 0.24 0.32 0.31 
5 0.31 0.27 0.22 0.23 
6 0.295 0.45 0.66 1.16 
7 0.24 0.45 0.29 0.29 
8 0.19 0.20 0.14 0.14 
9 0.22 0.20 0.11 0.12 
10 0.22 0.21 0.15 0.16 
Sum of strips....... 0.535* 0.90* 
A optical density. ... 0.365 = 6.1 y per ml. 0.50 = 6.8 y per ml.f 
Recovery, %........ 95 85 
* Strips 6 + 7. 
t Of Strip 6. 


and the purification was carried out as described under “Method.” From 
Table II it is apparent that one uric acid derivative is excreted in major 
quantities (Strips 10 + 11) with Rr = 0.55, but small quantities of a 
second metabolite may be present in Strips 2 to 4 of the uric acid fraction. 
The amount available was insufficient for further investigation. 
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TABLE II 
Analysis of Rat Urine after Intravenous Injection of Theophylline 


For this analysis, 3 ml. each of the control and experimental sample were used. 
The uric acid fraction, collected after separation of basic and non-basic purines, was 
dissolved in 1 ml. of 0.25 per cent lithium carbonate, and 0.33 of this solution, corre- 
sponding to 1 ml. of the original urine, was placed on filter paper. Similarly the 
eluate from the cation exchanger, containing the xanthine fraction, was dissolved 
in 1 ml. of lithium carbonate, and one third was used for spotting. Each paper 
chromatogram was cut into twenty strips, and each strip was eluted with 8 ml. of 
borax solution. Column | gives the analysis of the control urine and Column 2 of 
the experimental sample. 

Xanthine Fraction—A control spot of 50 y of theophylline was placed on the edge 
of the paper and stained separately after completion of the chromatographic pro- 
cedure. The Rp value was 0.75. 

Uric Acid Fraction—A control spot of 1,3-dimethyluric acid, placed on the chro- 
matogram, showed Rp = 0.55. 


Xanthine fraction Uric acid fraction 
Strip No. Optical density at 272 mp Optical density at 290 mu 
Column 1 Column 2 Column 1 Column 2 
1 0.08 0.1 0.1 0.07 
2 0.075 0.09 0.08 0.14 
3 0.06 0.08 0.06 0.145 
4 0.095 0.09 0.075 0.12 
5 0.10 0.10 0.075 0.1 
6 0.09 0.10 0.08 0.14 
7 0.11 0.11 0.07 0.09 
8 0.08 0.12 0.09 0.1 
9 0.075 0.13 0.11 0.17 
10 0.12 0.18 0.14 0.86 . 
11 0.13 0.23 0.06 1.07 
12 0.13 0.25 0.075 0.1 
13 0.14 0.56 0.12 0.11 
14 0.12 1.70 0.07 0.11 
15 0.13 1.13 0.05 0.1 
16 0.13 0.23 0.05 0.09 
17 0.14 0.18 0.05 0.09 
18 0.15 0.14 0.05 0.09 
19 0.15 0.15 0.06 0.08 
20 0.14 0.15 0.06 0.075 
Sum of strips........ 0.25* 2.83* 0.20f 1.93f 
A optical density (ex- 
periment minus 
control)........... 2.58 = 45.3 y per ml. 1.73 = 23.3 y per ml. 


* Strips 14 + 15. 
t Strips 10 + 11. 
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The xanthine fraction trailed over a rather large area, since the amount 
used for chromatography proved to be too large. The main portion was, 
however, concentrated in Strips 14 + 15 with Rr = 0.75. Spectrophoto- 
metric analysis showed that the material in Strips 11 to 13 and 16 was 
identical with the major xanthine component. 

Uric acid Fractions 10 and 11 were distributed between three buffer 
solutions of pH 2, 9, and 12 for the determination of Amax and €max. Simi- 
larly, the combined xanthine Fractions 14 and 15 were divided between 
buffers of pH 5,9, and 12. The absorption maxima, measured at the differ- 
ent pH values, and the corresponding intensity ratios were compared with 


TaBLeE III 
Spectrophotometric Identification of Metabolites of Theophylline in Rat Urine 


| pH 5 | pH 9 | pH 12 


Chromatographic Strips 14 + 15 of xanthine fraction 


Ratio of ens at pH 5 and 12.. einen wail 0.99 

Same ratio for theophylline standard. 0.90 


Chromatographic Strips 10 + 11 of uric acid fraction 


pH 2 pH 9 pH 12 
Ratio of. — at pH 9 and 2. 1.45 
Same ratio for 1,3- dimethyluric acid standard. 1.43 


those of authentic materials, as indicated in an earlier paper (2). The 
spectroscopic results, summarized in Table III, together with the charac- 
teristic Ry values, proved unequivocally the presence of 1 ,3-dimethyluric 
acid and theophylline, respectively. 


DISCUSSION 


It is well known that all purines can form mercury complexes, but only 
a few of these are insoluble in water. Complex formation with the metal 
ion, adsorbed to an ion exchanger, renders them insoluble under appro- 
priate conditions, 7.e. in the absence of anions, which can compete effectively 
with the fixed charges of the resin. By this method, all purine derivatives, 
and related heterocycles, can be removed selectively from a solution and 
are thus purified for the application of paper chromatography or other 
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analytical procedures. The column of the resin in the Hg** form may 
also serve conveniently for rapid purification of nucleosides and nucleotides, 
as will be shown in a future paper. 


SUMMARY 


The common property of all purines to form mercury complexes has been 
utilized for the purification of these compounds in biological fluids. If 
mercuric ions are adsorbed onto a cation exchanger, such as Dowex 50, 
a Hg*++-loaded resin is formed. A column of such a resin removes all 
purines from solution under suitable conditions. The adsorbed materials 
are eluted, together with the metal ions, by strong hydrochloric acid. Ap- 
plication of the method to urine analysis is described. 


The authors wish to thank Mr. M. Tamari for technical assistance. 
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THE WHEAT LEAF PHOSPHATASES 


IV. THE EFFECT OF METAL IONS ON THE ACID PHOSPHATASE 
ACTIVITY OF DIALYZED JUICE* 


By D. W. A. ROBERTS 
(From the Science Service Laboratory, Lethbridge, Alberta, Canada) 


(Received for publication, July 29, 1957) 


In Papers I and III on the wheat leaf phosphatases the effects of inhibi- 
tors (1) and heat treatment (2) on the enzyme activity have been re- 
ported. To define the substrate specificities of the enzymes involved, 
purification involving dialysis of the preparations will be necessary. Thus 
it is essential to know whether dialysis will cause loss of activity and, if 
so, what metal ions will restore this activity. 

Of the four types of phosphomonoesterase mentioned by Roche (3), only 
type II, which is not activated by metals, and type III, which is activated 
by Mgt* and Mnt*-, are said to occur in higher plants. <A review of the 
recent literature on plant phosphatases suggests that plant extracts vary 
in the metal ions that activate their phosphatases. The results reported 
here show that it is necessary to state the pH, substrate, and plant tissue 
used in phosphatase experiments. 

An acid phosphatase is reported in potato tubers which is not activated 
by Mgt* (4) when £6-glycerol phosphate is used as substrate at pH 5.85. 
However, under similar conditions, activation of phosphatase by Mgtt 
occurs in both rice (5) and wheat bran (6) and to a small extent in chestnut 
(7) and belladonna (8) leaves. With 8-glycerol phosphate the pH optimum 
is shifted towards a more acid value when Mg?* is added in preparations 
of phosphatase from wheat bran (6) or belladonna leaves (8). This is 
compatible with the observation of Goodlad and Mills (9) on rat liver 
with both 8-glycerol phosphate and adenosine 3’-phosphate as substrates 
in which Mg** activation was observed at pH 3.8 but not at pH 5.5. Pre- 
liminary trials with dialyzed wheat leaf juices and pheny] disodium phos- 
phate, phenolphthalein phosphate, or adenosine 5’-phosphate as substrate 
suggested that the maximal activating effect of Mgt* occurred around 
pH 3.9. Consequently, trials were made at pH 3.9 in addition to pH 5.7 
chosen previously. 

Data on the activation of plant phosphatases hydrolyzing substrates 
other than 6-glycerol phosphate are scant. With spinach leaf preparations 
(10) Cut+ is the best activator, Mg** is a good activator, Mn++, Cot*, and 


* Contribution No. 1622 from the Botany and Plant Pathology Division, Science 
Service, Canada Department of Agriculture, Ottawa, Ontario. 
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Fet*+ show some activation, but Zn*t+ shows none when p-nitrophenyl 
phosphate is used as substrate at pH 5.0. A phosphatase from oats ap- 
pears to be a metalloprotein containing Mg** when phenolphthalein 
phosphate is used as substrate (11). With ragi as the enzyme source no 


TABLE 


Effect of Dialysis Against 0.1 m Acetate Buffer of pH 5.5 on Phosphatase Activity of 
Wheat Leaf Juice 


— 


Effect of dialysis on activity*® at 
Substrate Quantity of substrate 
pH 3.9 pH 5.7 
mg. 
Adenosine-5’-phosphoric acid. . 10 Loss Loss 
Phenolphthalein phosphate, Na salt. 20 
Fructose 6-phosphate, Ba salt....... 20 Nil Nil 
Phenyl disodium phosphate.......... 40 Loss Loss 
Sodium pyrophosphate... ........... 20 Nil Nil 
Ribose 5-phosphate, Ba salt......... 20 Loss " 
Phosphoglyceric acid, Ba salt. ....... 40 
Riboflavin 5-phosphate.. 20 Loss 
Sodium £- Phosphate, 50 Nilf Nil 
Uridylic ‘“ . 20 Loss ” 
Glucose 6- sheophate, Ba 20 Nil 
Guanylic acid. . 15 
Glucose 1 phouphate, K alt. 40 Gain Gain 
Yeast adenylic acid. 20 Loss Loss 
p-Nitropheny] phosphate, disodium | 15 
Adenosine-2’-phosphoric acid.. 20 Gain Nil 
Adenosine-3’-phosphoric “ ......... 20 Loss Loss 


Experimental conditions, 3.0 ml. of 0.75 M citrate buffer, pH 3.9 or 5.7, 0.5 ml. of 
wheat leaf juice. 

* Loss, activity of dialyzed juice less than 80 per cent that of control; nil, activity 
of dialyzed juice 80 to 120 per cent that of control; gain, activity of dialyzed juice 
more than 120 per cent that of control. 

t Activity of dialyzed juice, 81 per cent undialyzed juice (nine samples). 


activation by Mgt* was observed with pyrophosphate as substrate, but 
Zn++ (5 X 10-4 m) caused slight activation (12). | 

The effects of Mgt*, Mnt*, Fet*, Znt*, Cot*, and Nit* on the phos- 
phatase activity of dialyzed juice towards sixteen substrates have been 
tested. When loss of activity resulted from dialysis, the activity was 
restored by Mgt+ and in a few cases by other metal ions. In general, 
the phosphatases were more influenced by Mg++ at pH 3.9 than at pH 
5.7. At pH 3.9 the activity towards a number of substrates was inhibited 
by Mn*+ and Fe** and in a few cases by Znt*t, Cot, and Nit. 
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TABLE II 


Effect of Various Metal Ions at Concentration of 2 X 10-2 m on Phosphatase Activity 
of Dialyzed Wheat Leaf Juice 


pH 3.9 pH 5.7 


Substrate 
Mg Mn |Fe| Zn | Co Ni Mg Mn Fe Zn | Co}! Ni 


Adenosine-5’-phos- 
phoric acid....... ++/+/4+/+ + | +4+/+] 0 | +] 0] 0 
Phenol phthalein 
phosphate, Nasalt.| ++ | + + + | ++ + +41] 0 


Fructose 6-phos- 


phate, Ba salt.....;,4++] — |-|-—| 0] |4+++4] 0 0 0}; 0); 0 
Phenyl! disodium 

phosphate........;4++] + + + 0 0 0; 0); 0 
Sodium pyrophos- 

phate. . 0 0/0 0 0 0; 0; 0 
Ribose 

Ba salt. . -|+++| 0 | O 0 ++ | 0 0 | 0; 0 
Phosphoglycerie acid, 

Riboflavin 5- 

Sodium B- elyeerol 

phosphate. . 0 - 0 0 0 0; 0; 0 
Cytidylic 0 —-|j-|-|- 0 0 0 0 0; 0); 0 
— 0] 0 0 ++} 0 0 0; 0; 0 
Glucose 

Ba salt. . | 0 0 0 0 0; 0; 0 
Guanylic acid. 0 — |-| - 0 0 0 0 0 
Glucose 1- phosphate, 

K salt.. 0 — 0 0 0; 0); 0 


Yeast adenylic acid. ++ 0O ++ 0 0 
p-Nitropheny] phos- 
phate, disodium...} ++ + + /|+4+4 |44! 0] 0 
Adenosine-2’-phos- 


phorie acid....... —-|i-|-|- 0 0 0 0 
Adenosine-3’-phos- 
phoric acid....... O | ++] 0 0 | O 


Experimental conditions, 3.0 ml. of citrate buffer, pH 3.9 or 5.7, 0.5 ml. of dialyzed 
wheat juice, quantity of substrate shown in Table I, 2 X 10-2 mM metal ion from a 
sulfate except for nickel nitrate. Symbols, 0, 80 to 120 per cent activity of dialyzed 
juice; —, less than 80 per cent activity of dialyzed juice; +, more than 120 per cent 
activity of dialyzed juice but less than 80 per cent activity of undialyzed control, 
i.e. partial reactivation; ++, more than 120 per cent activity of dialyzed juice and 
80 to 120 per cent of undialyzed juice, 7.e. complete reactivation; +++, more than 
:20 per cent activity of both dialyzed and undialyzed juice. 
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Materials and Methods 


Juice from the leaves of Kharkov wheat was prepared and tested for 
phosphatase activity as described earlier (1). For activity tests at pH 
3.9, 0.75 Mm citrate buffer was used in place of buffer at pH 5.7, and a water 
bath at 90—-95° was used for inactivation in place of a boiling water bath. 
The activating effect of metal ions was tested at a concentration of 2 xX 
10-2? m with one of the following salts: magnesium sulfate, manganous 
sulfate, ferrous sulfate, zinc sulfate, cobaltous sulfate, or nickel nitrate. 

Dialysis against several changes of 0.25 m citrate buffer, pH 5.7, to which 
were added a few crystals of thymol, was carried out in the refrigerator. A 
measured volume of juice was dialyzed so that the final volume was less 
than the original. Water was added to the dialyzed juice to give ap- 
proximately the original enzyme concentration. Dialysis lasted 13 to 
4 days. With the shorter periods of dialysis, tests on loss of activity 
towards suitable substrates at pH 5.7 and reactivation by Mgt*t were made 
before the juice was used for these experiments. When reactivation with 
Meg?** was not observed with substrates known to show this phenomenon 
(Table II), the juice was dialyzed for a longer period of time before use. 

All the tests were made on at least three different samples of juice ex- 
tracted from plants at different times. When the results were inconsistent 


or border line between two categories, as many as nine samples of juice © 


were tested and the data were averaged. 


Results 


The effect of dialysis (Table I) on the phosphatase activity towards 
various substrates depended on the substrate involved and also on the 
pH at which the test was made. In all cases in which activity was lost 
by dialysis, Mgt* restored the activity (Table II). The effect of other 
metal ions depended on the substrate. At pH 3.9, Mnt+, Fet+, Zn*, 
Cot*, and Nit inhibited phosphatase activity towards some substrates, 
whereas at pH 5.7 no inhibition was observed, except in the case of Fet*, 
on the pyrophosphatase activity (1). Dialysis activated the liberation 
of phosphate from glucose 1-phosphate at pH 3.9 and 5.7 and from ade- 
nosine 2’-phosphate at pH 3.9. 


DISCUSSION 


The data suggest that wheat leaf juice contains at least one acid phos- 
phatase which is activated by magnesium ions, at least one which is not 
activated by metal ions, and possibly one which is inhibited by metal 
ions. These results are comparable to those of Courtois, Anagnostopoulos, 
and Khorsand (13, 14), who found an acid phosphatase in belladonna leaves 
with a pH optimum of 4.0 which is activated by Mgt+ and other metal 
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ions, in addition to one with a pH optimum of 5.0 to 5.2 also activated 
by 

However, it is possible that differences between the results with various 
substrates and with the same substrates at different pH levels may be due 
to the formation of salts or complexes between the metal ions and the 
substrates. In some cases these salts or complexes may be the real sub- 
strate, whereas in other cases they may act as inhibitors. For example, 
MgP.0;- is thought to be the substrate for rat erythrocyte pyrophospha- 
tase at pH 7.1 (15) and Na-Mg-adenosine triphosphate the substrate for 
adenosinetriphosphatase (16) at pH 7.2 in nerve tissue. Mgt is reported 
to form complexes only with divalent ester phosphate (17). With glucose 
1-phosphate and glycerol phosphate there is no evidence for a complex at 
pH 4.0, but there is evidence for one at pH 5.7. Mgt* forms a complex 
with HPO, (18) which might prevent phosphate acting as an inhibitor 
(19). At pH 7.5, Mn++ forms a complex with glucose 1-phosphate and 
glucose 6-phosphate (20). From the data in the literature it seems that 
the metal activation of phosphomonoesterase at pH 4.0 is not likely the 
result of metal complexes with the substrate, but this phenomenon could 
play a role at pH 5.7. 

Pyrophosphate is known to form complexes in the alkaline pH range with 
metal ions such as Mgtt, Znt*+, Cot*, and Ni (21). These metal ions 
neither activate nor inhibit wheat leaf pyrophosphatase at pH 3.9 or 5.7. 

In view of the prolonged dialysis required to show the requirement for 
metal ions it is likely that inactivation results from the dissociation of a 
metal-protein complex. If this is true, then the data on dialysis and reac- 
tivation by metal ions support the hypothesis that wheat leaf phosphatase 
activity results from a group of enzymes, some of which require a metal 
for full activity. 


SUMMARY 


The effect of dialysis on the activity of the wheat leaf phosphatases 
towards sixteen substrates has been tested. The activating effects of 
Mgt+, Mnt+, Fet++, Zn++, Co*+, and Nit* on the phosphatases in dialyzed 
juice have been tested. The results are summarized in Tables I and II 
and support the hypothesis that the phosphatase activity of wheat leaf 
Juice is caused by a group of enzymes. 


The author wishes to acknowledge the extensive technical assistance of 
Mrs. Shirley E. Congdon and Mr. Barry F. Clark. 
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OXIDATIVE PHOSPHORYLATION BY SONIC 
EXTRACTS OF MITOCHONDRIA* 


By W. C. McMURRAY, GLADYS FELDOTT MALEY, 
AND HENRY A. LARDYT 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 22, 1957) 


The preparation of submitochondrial enzyme systems capable of catalyz- 
ing oxidative phosphorylation has been accomplished in recent years. 
Pinchot and Racker (1) reported that sonic extracts of Escherichia coli 
catalyzed phosphorylation associated with the oxidation of ethanol. More 
recently Cooper and Lehninger (2) reported that digitonin extracts of 
rat liver mitochondria couple phosphorylation with 6-hydroxybutyrate 
oxidation yielding P:O ratios greater than 1. Similar P:O ratios were 
reported by Ziegler et al. (3) for the oxidation of DPN-linked substrates 
by fragments obtained by ethanol treatment of beef heart mitochondria.! 
The activity of both mammalian preparations was associated with partic- 
ulate enzyme systems. Neither preparation efficiently coupled phos- 
phorylation with the oxidation of succinate or added DPNH. 

This paper describes the preparation and properties of phosphorylating 
extracts from rat liver mitochondria disrupted by sonic oscillations. The 
respiratory and phosphorylative activities of the sonic extracts were found 
to be associated with submitochondrial particles. The extracts oxidized 
a variety of substrates, including succinate and DPNH, with coupled 
phosphorylation, yielding P:O values of approximately 1. The effects of 
inhibitors of respiration and phosphorylation, such as antimycin A and 
DNP, were studied, and an attempt was made to localize the site or sites 
of phosphorylation in the electron transport chain. While this manu- 
script was in preparation, a brief communication by Kielley and Bronk 
(4) reported oxidative phosphorylation by preparations similar to those 
described here. 


* Supported by grants from the United States Public Health Service and the 
American Cancer Society. 

7 Presently, Postdoctorate Fellow of the American Heart Association, New York 
State Department of Public Health, Albany, New York. 

‘The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN and TPNH, oxidized and reduced triphos- 
Phopyridine nucleotide; DNP, 2,4-dinitrophenol; AMP, ADP, ATP, adenosine 
mono-, di-, and triphosphates, respectively. 
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Methods and Materials 


Preparation of Submitochondrial Phosphorylating System—Rat_ liver 
mitochondria were isolated in 0.25 m sucrose at 0° according to Schneider 
(5) and suspended in 2 ml. of distilled water or 0.25 m sucrose per gm. of 
original tissue. The mitochondrial suspension was subjected to sonic 
vibration in a 10 kc. Raytheon magnetostrictive oscillator at 0° for variable 
times and at variable intensities of vibration. The sonic extracts were 
centrifuged at 25,000 * g at 0° for 10 minutes to yield a dark brown residue 
(R) and a turbid, yellow supernatant extract (P +8). The supernatant 
fluid was removed by suction, care being taken not to agitate the loosely 
packed residue fraction. This crude extract was then centrifuged at 
105,000 < g at 0° for 40 to 60 minutes to yield a firmly packed red-brown 
gelatinous pellet (P) and a clear yellow supernatant fluid (S). The frac- 
tions were suspended in distilled water at 0°. 

Optimal conditions for obtaining active extracts with 8-hydroxybutyrate 
+ DPN as substrate were found to be suspension of the mitochondria in 
distilled water, followed by short periods of treatment (15 to 30 seconds) in 
the sonic oscillator at maximal intensity. Prolonged treatment of aque- 
ous suspensions of mitochondria enhanced only slightly the amount of 
oxidase in the extract, and the phosphorylative capacity of the extracts 
decreased greatly with longer treatment. When the mitochondria were 
suspended in 0.25 M sucrose and subsequently exposed to sonic vibrations, 
no oxidase activity was liberated until 2 to 3 minutes later; maximal lib- 
eration was obtained at 5 minutes. Generally, phosphorylation accom- 
panying oxidation by the sucrose extracts was much less efficient than 
that in the water extracts; however, in some experiments treatment in 
sucrose for 5 minutes yielded extracts which phosphorylated as efficiently 
as the water extracts. Maximal liberation of protein N was also ob- 
tained by brief treatment of the water suspensions of mitochondria, while 
longer treatment was required for sucrose suspensions. No improve- 
ment of the phosphorylation or respiration was obtained by restoring the 
isotonicity of the aqueous extracts with sucrose or by the addition of 
crystalline bovine serum albumin. Sonic treatment of mitochondria in 
KCI solutions or 0.5 m glycerol yielded extracts equivalent in activity to 
the sucrose preparations. 

Electron Microscopy?—Electron micrographs of the fractions were pre- 
pared to obtain information on the purity of the mitochondrial prepara- 
tion and the nature of the submitochondrial particles. Suspensions of 
the fractions were fixed in OsO, vapor and dried on Formvar fibers ac- 


2 We wish to thank Professor Hans Ris of the Department of Zoology for carrying 
out these studies with the electron microscope. 


~ 


L 
f 
f 


W. C. MCMURRAY, G. F. MALEY, AND H. A. LARDY 221 


cording to the critical point method. Pellets were fixed with 1 per cent 
OsO, and embedded in methacrylate for sectioning. 

The mitochondrial fraction in 0.25 M sucrose was found to be practi- 
cally free of microsomal contamination, and only slight swelling of the 
mitochondria was observed. The pellet fraction consists of more or less 
spherical vesicles ranging from 0.05 to 0.5 uw in diameter with no material 
apparent inside the vesicles. The large percentage of the total nitrogen 
recovered in the supernatant fraction (see Table I) indicates that most 
of the mitochondrial matrix may be rendered soluble during the sonic 


TABLE I 


Respiration and Phosphorylation of Fractions from Mitochondria 
Disrupted by Sonic Oscillations 


Fraction AO AP 
mg patoms pmoles 


Whole mitochondria. 3 
Disrupted mitochondria... Pike 
Residue (R), 25,000 X 4, 10 min.. eee 
Crude extract (P + S).. 
Pellet (P), 105,000 X g, 50 min. 0 
Supernatant fluid (S).. 1 


The reaction vessels contained 10 wmoles of ATP, 12 umoles of potassium phos- 
phate buffer, pH 7.4 (in the experiment with whole mitochondria 40 uwmoles of the 
phosphate buffer were added), 50 umoles of tris(hydroxymethyl)aminomethane buf- 
fer, pH 7.4, 3 umoles of DPN, 15 wmoles of MgCl:, 10 umoles of KF, 40 uwmoles of 
pL-8-hydroxybutyrate, 10 mg. of glucose, 2 mg. of hexokinase (Sigma), and fractions 
from 0.75 gm. wet weight of liver to a final volume of 3.0ml. Incubated for 15 min- 
utes at 30° with air as the gas phase. 


treatment. The residue fraction consists of swollen and partially dis- 
rupted mitochondria and some submitochondrial vesicles of various sizes. 

Analytical—Respiration was measured at 30° by the conventional 
manometric method. The uptake of inorganic phosphate was determined 
by the procedure described by Maley and Lardy (6). Alternatively, the 
esterification of inorganic PO, was determined by the method described 
by Nielsen and Lehninger (7). 


Results 
Recovery—The results obtained from a recovery experiment are given in 


Table I. The oxygen consumption of water suspensions of mitochondria, 


after a 20 second treatment in the oscillator, was equivalent to that ob- 
tained for untreated mitochondria when 8-hydroxybutyrate and DPN were 
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the substrate. However, the P:O ratios of the treated mitochondria were 
greatly reduced. Most of the oxidative and phosphorylative activity was 
recovered in the crude extract fraction, with some activity remaining in 
the residue. The supernatant fraction obtained by centrifuging the ex- 
tract at 105,000 X g for 50 minutes had no activity itself, but stimulated 
both oxidation and phosphorylation by the pellet (see also Table II). 

Cofactors—In studies of the cofactor requirements for oxidative phos- 
phorylation with 6-hydroxybutyrate as substrate, it was observed that 
AMP could replace ATP in the presence or absence of the supernatant 
fraction. Since the P:O ratios were generally lower with AMP, ATP was 
routinely added as the source of adenine nucleotide. With the pellet alone, 
the phosphorylation was practically abolished by the omission of ATP, 
although the respiration was unchanged; when DPN was omitted from 
the system, no respiration or phosphorylation was observed. However, 
in the presence of the supernatant fraction the phosphate uptake was 
decreased only 40 per cent by the omission of ATP, while some respiration 
and phosphorylation were observed in the crude extract when DPN was 
omitted. Ion exchange chromatography of deproteinized extracts of the 
pellet and supernatant fractions revealed that only negligible quantities 
of adenine nucleotides (AMP, ADP, or ATP) and pyridine nucleotides 
(DPN and TPN) were bound to the pellet, while the supernatant fraction 
contained the bulk of these mitochondrial nucleotides. Addition of 
fluoride was necessary for phosphorylation but did not affect the respira- 
tion. 

Substrates—Although the P:O values obtained for sonic extracts are 
lower than those shown with the phosphorylating digitonin preparations 
described by Cooper and Lehninger (2), it may be seen from Table II that 
a greater variety of substrates is oxidized by this preparation with con- 
comitant phosphorylation. The digitonin preparation (2) exhibited rather 
narrow substrate specificity; succinate and 8-hydroxybutyrate were oxi- 
dized by this preparation, but phosphorylation was reported only for 
B-hydroxybutyrate as substrate. With the pellet alone (Table II, Experi- 
ment 1), 6-hydroxybutyrate + DPN, DPNH, and succinate are all oxi- 
dized rapidly with P:O ratios of almost unity. 

Glutamate was not oxidized by the pellet in the presence of added DPN, 
but, when the supernatant fraction was added back to the pellet, respira- 
tion and phosphorylation were observed (Experiment 2). This was shown 
to be due to the complete release of glutamic dehydrogenase into the super- 
natant fraction by the sonic vibration treatment (Table III). The addi- 
tion of the supernatant extract produced little or no effect on oxidation or 
phosphorylation with succinate as the substrate in a number of experi- 
ments; the effects were variable with 8-hydroxybutyrate + DPN as 
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substrate. Table III shows that only a small fraction of the total 6- 
hydroxybutyrate dehydrogenase was present in the supernatant fraction. 

The crude extract failed to oxidize a-ketoglutarate (Table II, Experi- 
ment 2) even when supplemented with DPN, coenzyme A, guanosine 


TABLE II 
Comparison of Substrates 
Substrate AO AP 
No O 
paloms | pmoles 
1 Pellet None 0 0 
8-Hydroxybutyrate + DPN | 8.88 | 8.43 | 0.95 
DPNH 4.60 | 4.45 | 0.97 
Succinate 9.89 | 9.18 | 0.93 
2 Pellet B-Hydroxybutyrate + DPN | 4.39 | 2.86 | 0.65 
Glutamate + DPN 0.78 | 0 0 
Succinate 4.53 | 1.86 | 0.41 
Pellet + supernatant | 6-Hydroxybutyrate + DPN | 5.64 | 4.98 | 0.89 
fluid 
Glutamate + DPN 4.29 | 2.06 | 0.48 
Succinate 4.76 | 2.76 | 0.58 
a-Ketoglutarate + DPN + | 0.32! 0 0 
coenzyme A + guanosine 
triphosphate 
3 Pellet + supernatant | Isocitrate + TPN 2.24 | 0.22 | 0.10 
fluid 
my + DPN 3.43 | 1.69 | 0.49 
Proline 2.98 | 1.30 | 0.44 
‘6+ DPN 4.90 | 4.29 | 0.88 
Pellet 2 0.21 | 0 0 
< + DPN 2.95 | 1.49 | 0.51 


The substrates were added to the vessels in the following amounts: 20 umoles of 
succinate, glutamate, a-ketoglutarate or dl-isocitrate, 30 umoles of pL-proline. 2.5 
zmoles of DPNH were added to the main compartment, and 5 umoles of DPNH were 
tipped in with the hexokinase and glucose following the 10 minute equilibration 
period. Other factors added were 5 umoles of DPN, 0.5 umole of TPN, 0.2 umole of 
coenzyme A, and 0.3 umole of guanosine triphosphate. Other additions and experi- 
mental conditions as in Table I. 


triphosphate, and cocarboxylase. Extracts prepared in 0.25 M sucrose 
retained some ability to oxidize a-ketoglutarate but only one-third as 
rapidly as 6-hydroxybutyrate. dl-Isocitrate was oxidized by the crude 
extract when either TPN or DPN was added; however, significant phos- 
phorylation was obtained only in the presence of added DPN. Oxidation 
of isocitrate in the presence of DPN or TPN requires the addition of the 
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supernatant fraction, since the pellet is deficient in both the DPN- and 
TPN-linked isocitrate dehydrogenases (Table III). When TPNH, gen- 
erated by glucose-6-phosphate dehydrogenase*® + glucose 6-phosphate + 
TPN, was oxidized by the crude extract, no phosphorylation was observed 
unless DPN was also added. The oxidation of proline was greatly en- 
hanced in the crude extract by the addition of DPN, and with the pellet 
an absolute requirement for DPN in proline oxidation was demonstrated 
(Table II, Experiment 3). This constitutes the first evidence supporting 
a role for DPN in proline oxidation. 


TaBLeE III 
Enzyme Activities of Pellet and Supernatant Fractions 
Pellet Supernatant 
Glutamic dehydrogenase*. . 0.000 0.296 
8-Hydroxybutyrate dehy drogenase*.. 0.448 0.024 
* DPN. 0.000 0.055 
TPN. 0.012 0.545 
DPN H-cytochrome c reductase,f control. 1.15 0.075 

DPNH oxidase*. 0.125 0.012 


All assays were carried out at 23-26°. 1 ml. of enzyme = 0.5 gm. of original liver. 
* A in micromoles of pyridine nucleotide per minute per ml. of enzyme. 

t Ain microequivalents of cytochrome c per minute per ml. of enzyme. 

t A micromoles of inorganic P per minute per ml. of enzyme. 


Miscellaneous Observations—Phosphorylation by the pellet fraction with 
8-hydroxybutyrate + DPN as substrate and with added Mg** was un- 
affected by the addition of 10-* m Mn** or Cot, or 10-3 m Versene, or 
by dialysis against 10-* m Versene for 4 hours. In some experiments 10° 
mM Cat+ did not affect phosphorylation by the pellet, but produced virtually 
complete uncoupling when the supernatant fraction was added. Al- 
though Ca++ is a potent uncoupling agent in intact mitochondria (8), it 
does not affect phosphorylation by the enzyme complex prepared from 
digitonin-treated mitochondria (2). Treatment of mitochondria with 
digitonin or sonic vibrations may release a factor or factors necessary for 
inhibition of phosphorylation by Ca++. The nature of the soluble factors 
involved in the Ca++ effect is currently under investigation. 


3 A gift of Dr. Sam Morell of the Pabst Laboratories, Milwaukee, Wisconsin. 
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The data in Table III show that the ATPase activity of mitochondrial 
sonic extracts is largely associated with the pellet fraction. Mgt+ causes 
a marked stimulation of ATP hydrolysis in both the pellet and super- 
natant fractions, while DNP is considerably less stimulatory and produces 
no response above that obtained with Mg** alone. These data are con- 
sistent with the effects of Mg++ and DNP on the ATPase of phosphorylat- 
ing digitonin extracts of mitochondria (9). Thus, Mgt’, which is re- 
quired to obtain oxidative phosphorylation in sonic extracts (4), may 
also be responsible, in part, for the low P:O ratios observed. 

Site of Phosphorylation—Since the P:O values observed in these studies 
were generally in the neighborhood of unity, attempts were made to localize 
the site or sites of phosphorylation. It was hoped that it might be pos- 
sible to determine whether a P:O value of unity represented a single site 
of phosphorylation either between DPNH or succinate and cytochrome 
c, or at the cytochrome oxidase level of the respiratory chain. Since P:O 
values greater than 1 were observed in many experiments, it appeared 
probable that more than one phosphorylation site was participating. 

With @-hydroxybutyrate + DPN, DPNH, or succinate as substrates 
and with ferricytochrome c or ferricyanide as electron acceptors, in the 
presence of cyanide only barely significant phosphate uptake was observed 
although the acceptors were reduced rapidly. In all cases the P:2e ratios 
did not exceed 0.2. All attempts to improve the phosphorylation in this 
region of the electron transport system were unsuccessful. 

Similar negative results were obtained in experiments designed to measure 
phosphorylation in the cytochrome oxidase region. Ascorbate or /-adrenal- 
ine is oxidized by liver mitochondria in the presence of cytochrome c, 
yielding P:O values slightly less than 1 (6, 10). The sonic extracts oxi- 
dized ascorbate and l-adrenaline when cytochrome c was added but with- 
out any concomitant phosphorylation. In fact, when these substrates 
were added in combination with 6-hydroxybutyrate and DPN, the phos- 
phorylation accompanying the oxidation of 6-hydroxybutyrate was abol- 
ished. It may be seen from Table IV that the addition of cytochrome c 
alone produces some uncoupling of the phosphorylation associated with 
8-hydroxybutyrate oxidation. Titration of chemically reduced cyto- 
chrome c into the reaction vessels similarly resulted in no phosphate up- 
take. 

Antimycin A and Uncoupling Agents—The results presented in Table 
IV demonstrate that the oxidation of 6-hydroxybutyrate, glutamate, or 
DPNH and the accompanying phosphorylation by sonic extracts are 
inhibited markedly by the antibiotic, antimycin A. When cytochrome c 
was also added to the system oxidizing 6-hydroxybutyrate, reversal of 
the antimycin A inhibition of respiration was observed, confirming the 
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findings of Maley (11) for intact liver mitochondria oxidizing external 
DPNH. The DPNH-cytochrome c reductase activity of the pellet and 
supernatant fractions was found to be completely insensitive to the con- 
centrations of antimycin A used in these experiments (Table ITI). 


TABLE IV 
Effect of Antimycin A 
Substrate Inhibitor a0 aP 
B-Hydroxybutyrate + DPN None 4.43 6.40 1.45 
Antimyein A, 1 y 1.01 +0.47* 0 
6-Hydroxybutyrate + DPN + None 5.02 3.31 0.66 


cytochrome c 
8-Hydroxybutyrate + DPN + Antimycin A, 1 y 3.74 +0.53 0 
cytochrome c 


Glutamate + DPN None 2.51 3.15 1.26 
Antimycin A, 1 0.10 +1.14 0 

DPNH None 4.91 4.49 0.92 
- Antimycin A, 1 y 0.46 +0.60 0 


Experimental conditions as in Table I. Where indicated 0.3 umole of cytochrome 
c was added. 
* The plus sign indicates an increase in inorganic P. 
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Fic. 1. Difference spectrum of the pellet fraction. The pellet fraction from 
3 gm. of original liver was suspended in 2 ml. of 1.5 per cent deoxycholate + 0.02 M 
tris(hydroxymethyl)aminomethane buffer, pH 7.4; the spectrum was obtained by 
reading the test cell containing enzyme + 8-hydroxybutyrate + DPN + KCN 
(reduced) against a blank cuvette containing enzyme alone (oxidized). 


Oxidative phosphorylation by the pellet or by crude sonic extracts was 
sensitive to low concentrations of DNP. 3 to 5 10-5 m DNP generally 
produced complete uncoupling of the phosphorylation. Thyroxine or 
triiodothyroacetic acid at 10-5 m did not uncouple the phosphorylation by 
the pellet in the presence or absence of the supernatant fraction (cf. Tapley 
and Cooper (12)). 
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Respiratory Components—A difference spectrum for the pellet is shown 
in Fig. 1. The spectrum was obtained by scanning a deoxycholate “solu- 
tion” of the pellet reduced by addition of B-hydroxybutyrate, DPN, and 
cyanide against the oxidized pellet in the Cary recording spectrophotom- 
eter. Typical a and y absorption bands for reduced cytochromes c, a, 
and a3; were observed, as well as a trough due to reduced flavin. The 
spectrum is similar in many respects to that obtained for digitonin extracts 
of mitochondria (2). 


DISCUSSION 


The utilization of sonic vibrations for the fragmentation of mammalian 
mitochondria was first reported by Hogeboom and Schneider (13). These 
workers subjected mitochondrial suspensions to much longer periods of 
treatment than were used in the experiments reported here (35 to 55 minutes 
as compared with 15 to 30 seconds). In agreement with the findings re- 
ported in this paper most of the succinoxidase and cytochrome oxidase 
activity recovered was associated with particulate elements, although the 
longer period of treatment liberated more DPNH-cytochrome c reductase 
into the final supernatant fraction. Siekevitz and Watson (14) obtained 
similar results with deoxycholate-treated rat liver mitochondria but found 
that this treatment released all the DPNH-cytochrome c reductase and 
myokinase into the supernatant fraction. The latter enzymes do not 
appear to be as firmly bound to particulate components of the mitochondria 
as the oxidase enzymes. With brief sonic treatment it is apparent that 
DPNH-cytochrome c reductase, 6-hydroxybutyrate dehydrogenase, pro- 
line dehydrogenase, and ATPase are still largely associated with partic- 
ulate elements, while glutamic and isocitric dehydrogenases are released 
into the soluble fraction. It is of interest that AMP functioned almost as 
efficiently as ATP as the phosphate acceptor with the pellet fraction, 
indicating that some myokinase activity may be associated with the parti- 
culate fraction. 

The particulate preparations obtained from sonically disrupted liver 
mitochondria present an additional tool for studies of the mechanism of 
oxidative phosphorylation. In common with certain submitochondrial 
enzyme complexes of heart studied by Ziegler et al. (3), and the fragments 
from digitonin-treated liver mitochondria studied by Cooper and Lehninger 
(2), the preparation described here contains the components of the re- 
spiratory chain catalyzing oxidation of DPN-linked substrates by molecular 
oxygen and the additional factors necessary for at least some of the coupled 
Phosphorylation normally associated with this oxidation. An important 
difference between the preparations made with alcohol (3), or digitonin 
(2), and the mitochondrial sonic extracts described here and by Kielley 
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and Bronk (4) lies in the ability of the latter preparations to couple phos- 
phorylation with the oxidation of succinate or added DPNH. 

Equivalent P:O ratios were obtained with succinate, with DPNH 
generated by particulate 6-hydroxybutyrate dehydrogenase, with DPNH 
generated by soluble glutamic dehydrogenase, or with added DPNH itself. 
In each case the respiration from reduced pyridine nucleotide was blocked 
by antimycin A. By contrast, in the experiments described by Cooper 
and Lehninger (2) a large fraction of the oxidation of added DPNH pro- 
ceeded by an antimycin A-insensitive, non-phosphorylating pathway. It 
is of interest that the step 6-hydroxybutyrate to external cytochrome ¢ 
(or ferricyanide), which is accompanied by phosphorylation in digitonin 
extracts, is sensitive to antimycin A (15), while the non-phosphorylating, 
DPNH-cytochrome c reductase in the sonic extracts is not inhibited by 
high levels of the antibiotic. Antimycin A sensitivity appears to be a 
universal corollary of phosphorylation in this region of the electron trans- 
port chain. 

Although it was not possible in these experiments to demonstrate phos- 
phorylation in segments of the electron transport chain, it is evident that 
more than one site of phosphorylation is operative, since P:O ratios above 
one were obtained in several experiments. Furthermore, the highly active 
Mg?+-stimulated ATPase in these preparations probably anemee a lowering 
of the observed P:O values. 

The nature and origin of the particulate elements of the sonic extracts 
are of considerable interest. From a structural standpoint the particles 
resemble the ‘“‘membrane fraction” obtained by deoxycholate treatment 
of liver mitochondria as described by Watson and Siekevitz (16). The 
vesicular structure of the particles from sonic extracts and the absence of 
mitochondrial matrix within the vesicles strongly suggest that the particles 
originate solely from the membranes and cristae of the mitochondria. 


SUMMARY 


Submitochondrial particles from sonic extracts of rat liver mitochondria 
catalyze phosphorylation coupled with the oxidation of succinate, reduced 
diphosphopyridine nucleotide (DPNH), and several DPN-linked sub- 
strates. Adenosine triphosphate (ATP) or adenosine monophosphate and 
KF are required for phosphorylation, while DPN is necessary for both 
oxidation and phosphorylation when pL-6-hydroxybutyrate, glutamate, dl- 
isocitrate, or pL-proline is used as a substrate. Oxidation and phosphoryla- 
tion with glutamate or isocitrate required the addition of the supernatant 
fraction from the extracts, since the corresponding dehydrogenases were 
rendered soluble by the sonic treatment. No phosphorylation was ob- 
served to accompany the oxidation of reduced triphosphopyridine nucleo- 
tide. 
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The P:O ratios observed fell in the range 0.5 to 1.5; these low values 
probably resulted from the high ATPase activity of the particles. At- 
tempts to demonstrate phosphorylation in the electron transport chain 
between DPNH or succinate and ferricytochrome c and between ferrocyto- 
chrome c and oxygen were unsuccessful. 

Oxidative phosphorylation by the particles was uncoupled by low con- 
centrations of 2,4-dinitrophenol but not by thyroxine or triiodothyroacetic 
acid. Cat+ uncoupled only in the presence of the supernatant fraction. 
Oxidation and phosphorylation with DPNH and with DPN-linked sub- 
strates were blocked by low concentrations of antimycin A. Non-phos- 
phorylative antimycin A-insensitive oxidation of DPNH was observed in 
the presence of cytochrome c. 
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(From the Radiocarbon Laboratory and the Division of Animal Nutrition, 
University of Illinois, Urbana, Illinois) 
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The classical studies of Stetten (1), with N!5-labeled proline and hydroxy- 
proline, led to two important conclusions in regard to incorporation of 
hydroxyproline into protein: Very little hydroxyproline, when fed, is 
incorporated into protein, most of the tissue hydroxyproline being derived 
from proline, and there is no free hydroxyproline pool in the organism, 
most of the tissue hydroxyproline being formed from proline in the bound 
state. Recent work of Gould and Woessner (2) also pointed to the trans- 
formation of proline, bound in a collagen precursor, into collagen-bound 
hydroxyproline. 

The work here reported was undertaken in order to confirm and extend 
these observations by administration of Lt-hydroxyproline-2-C“%. A very 
small, but definite, pool of free hydroxyproline of high specific activity was 
detectable in liver. The low specific activity of the hydroxyproline iso- 
lated from protein, on the other hand, revealed that a large amount of 
hydroxyproline had been synthesized independently of the free hydroxy- 
proline and therefore presumably in a bound form. Pyrrole-2-carboxylic 
acid was identified as the principal urinary metabolite, both from p1L- and 
L-hydroxyproline. 


EXPERIMENTAL 


The authors are grateful to Dr. Meister and Dr. Radhakrishnan for the 
enzymatic resolution of pL-hydroxyproline-2-C', synthesized as previously 
reported (3), to provide the radioactive L-hydroxyproline used in the work 
here described. 

Two male albino rats of equal weight were fed a semisynthetic, hydroxy- 
proline-free diet from weaning. The exact composition of this diet has 
already been described in another report from this laboratory (4). The 


* This investigation was supported by grant No. A-493 from the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health Service, and by 
the United States Atomic Energy Commission contract No. AT(11-1)-67 with the 
University of Illinois. Presented in part at the Forty-first annual meeting of the 
Federation of American Societies for Experimental Biology at Chicago, April, 1957. 
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animals were placed in glass metabolism cages for several days to accustom 
them to the diet and environment. The radioactive hydroxyproline was 
then dissolved in a small amount of water and mixed with the diet which 
was fed to Rat I for 72 hours ad libitum. The diet of Rat II was prepared 
in the same way, except for the addition of 20 per cent non-radioactive 
proline in place of that amount of protein. The same amount of diet was 
fed to Rat II in 72 hours as had been consumed by Rat I. Feeding was 
arranged so that all the diet was consumed. At the end of the experimental 
period, the rats were killed by decapitation and bled, the livers were re- 
moved, and liver and carcass protein each isolated separately by precipita- 
tion with trichloroacetic acid and purified as described (5). The super- 
natant solution from the trichloroacetic acid precipitation of liver protein 
was freed from the acid by ether extraction, slightly acidified with HCl, 
and evaporated to dryness under reduced pressure. The free amino acid 
hydrochlorides were extracted into 85 per cent ethanol; the ethanol solu- 
tion was concentrated, applied to Whatman No. 3MM filter paper sheets 
in bands, and chromatographed in phenol-water (75:25). The hydroxy- 
proline band, located by its radioactivity by means of a radioactivity scan- 
ning device (Actigraph, Nuclear Instrument and Chemical Corporation, 
Chicago, Illinois), was eluted, then chromatographed in the same manner in 
2 ,6-lutidine-water (65:35), eluted, and assayed for radioactivity in an inter- 
nal gas flow counter (3) and for hydroxyproline concentration by the method 
of Troll and Cannan (6). Liver protein of Rat I was hydrolyzed for 24 
hours with 6 n HCl. Total radioactivity of the hydrolysate was deter- 
mined, and an aliquot (5 per cent of the total) was chromatographed 
on filter paper sheets as described for the free amino acids. Aspartic 
acid, glutamic acid, and alanine were located by their color reaction on 
spraying narrow strips from each side of the sheets with ninhydrin solu- 
tion, eluted, and assayed for radioactivity. 

Carcass protein was hydrolyzed in the same manner. ‘Total radioactivity 
of the hydrolysate and total hydroxyproline content were measured (6), 
and the hydroxyproline was isolated by the method of Bergmann (7). The 
purity of the product was checked by paper chromatography (phenol- 
water system), and its specific activity was determined as for free hydroxy- 
proline described above. 

Urinary Metabolites—Urine was collected under toluene during the 3 day 
experimental period from Rats I and II described above. An aliquot 
from each urine was paper chromatographed two-dimensionally in the 
phenol-water and lutidine-water systems. Three spots, revealing three 
major metabolites, were detected by radioautography of the paper on 
x-ray film. They were cut out and each eluted separately. Spot 1 (Rr 
in phenol-water, 0.60; in lutidine-water, 0.25) was identified as hydroxy- 
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proline by the Troll and Cannan color reaction (6), which is specific for 
hydroxyproline and serves as the colorimetric assay, and by cochromatog- 
raphy with an authentic specimen. It was assayed for specific activity 
as described. Spot 2 (Rp in phenol-water, 0.68; in lutidine-water, 0.51) 
was identified as urea by its color reaction (yellow) with the dimethylamino- 
benzaldehyde spray (100 mg. in 10 ml. of 3 Nn HCl) and by cochromatog- 
raphy with an authentic specimen. Spot 3 (Rr in phenol-water, 0.73; in 
lutidine-water, 0.66) was identified as pyrrole-2-carboxylic acid by the 
color reaction (purple) with the dimethylaminobenzaldehyde spray, 
cochromatography with an authentic sample (8), and the carrier purifica- 
tion and degradation described below. 

The identical pattern of three radioactive spots was obtained upon two- 
dimensional paper chromatography of the urine (collected over 4 hours 
as previously reported (3)) from the rat (Rat III) which had received 
pt-hydroxyproline-2-C" injected intraperitoneally. The same compounds 
were eluted and identified as described. 

Identification of Radioactive Pyrrole-2-carborylic Acid—215.0 mg. of 
synthetic, non-radioactive pyrrole-2-carboxylic acid (PCA) (8) were 
dissolved in 1.0 ml. of urine from Rat III, made slightly alkaline with dilute 
NaOH. The solution was then acidified with glacial acetic acid, and the 
precipitated PCA was extracted with ether. The ether was replaced by 
water, in which the PCA dissolved on warming and from which it crystal- 
lized on cooling (yield, 101.7 mg.). It was recrystallized from ethanol 
and assayed for percentage of carbon and radioactivity by combustion 
to carbon dioxide (3). After a second crystallization from ethanol (yield, 
52.5 mg.), and another assay, the PCA was dissolved in warm water. 
Upon addition of excess AgNO; solution, crystals of the silver salt were 
obtained on cooling, which were again assayed. 

PCA from urine of Rat I was identified in the same way, except that, 
after a fourth crystallization from ethanol, the compound was sublimed 
at 200° and the sublimate was assayed. 

For the degradation, 47.5 mg. of the radioactive PCA diluted with car- 
rier were weighed into a tube. 10 mg. of saturated HgCl: solution were 
added, and the mixture was refluxed for 5 minutes in a stream of helium, 
which swept out the carbon dioxide evolved into two traps on a vacuum 
line cooled in liquid nitrogen. The cooled traps were evacuated to 10-4 
mm. of mercury, and the liquid nitrogen was replaced by a cooling mix- 
ture at —100°. The carbon dioxide was then distilled away from the 
water in the traps into another liquid nitrogen-cooled trap, then into a 
manometer to measure the amount evolved, and lastly into an ionization 
chamber to measure its radioactivity (3). The mercury derivative of 
pyrrole (9), which remained in the tube, was filtered, washed with water, 
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and assayed for percentage of carbon and radioactivity; calculated for 
(C,H,N) Hg -4HgCle, C 6.6 per cent; found, C 5.8 per cent. 


RESULTS AND DISCUSSION 


In the light of present knowledge, it is justifiable to assume that col- 
lagen, besides having practically no turnover (10), is the only protein 
containing hydroxyproline (2). Hence, it is possible, in the unique case 
of this imino acid, to measure its pool size merely by administration of the 
labeled compound and measurement of specific activity after dilution with 
free hydroxyproline of the pool. Further, by feeding non-labeled proline 
along with the labeled compound, it should be possible to detect an increase 
in this pool, if hydroxyproline is formed from proline in the free state. 


TABLE I 
Specific Activity of Free Liver Hydrozryproline 
Weight of rats, 37.0 gm.; liver weights, 3.5 gm.; specific activity of hydroxyproline 
fed, 664 uc. per mmole; duration of experiment, 3 days. 


Rat I Rat II 
Weight gain, gm.. 7.0 
Diet consumed, m.. .| 19.0 19.0 (contains 4 gm. proline) 
Radioactive L- hydroxyproline fed, 2.06 1. 895 
Radioactivity of L-hydroxyproline fed, wc..| 10.42 9.62 
Specific activity of free liver ee 
line, uc. per mmole. . 10.4 


The results of this experiment are shown in Table I. Rat I, obtaining 
2.06 mg. of radioactive hydroxyproline in an otherwise hydroxyproline-free 
diet, showed an approximately 6-fold dilution of the specific activity of the 
administered compound over a period of 3 days. One can conclude, 
therefore, that a small, but definite, free hydroxyproline pool exists in the 
liver. This pool is increased about ten times after feeding non-radioactive 
proline; hence, evidently, a very small amount of free hydroxyproline is 
synthesized from the large excess of free proline in the liver during the 
experimental period of 3 days. Clearly, this experiment can be carried 
out equally well without feeding radioactive hydroxyproline. The colori- 
metric assay for hydroxyproline of Troll and Cannan (6) can be used 
without interference from other amino acids. Therefore, by feeding a 
rat a hydroxyproline-free diet similar to that fed to Rat I, and feeding 
another rat the same diet with 20 per cent non-radioactive proline similar 
to that fed to Rat II, and by extracting free amino acids from liver and 
assaying for total, free hydroxyproline (6), a measure of the free hy- 
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droxyproline in liver could be obtained. This was found to be extremely 
small, 1.1 y fora 45 gm. rat, which increased to 12.9 y after being admin- 
istered proline. These figures, of course, represent only the free hy- 
droxyproline actually present at the moment the animal is killed, whereas 
the dilution of radioactivity demonstrated with the labeled hydroxyproline 
(Table I) is the result of the passage of newly formed hydroxyproline 
through the pool over the whole experimental period. 

By considering next the incorporation of hydroxyproline into carcass 
protein (z.c. whole rat without the liver), the following approximate calcu- 


TABLE II 
Specific Activity of Protein-Bound Hydrozxyproline 
Rat I consumed 2.06 mg. of L-hydroxyproline (10.42 we.); Rat II, 1.895 mg. (9.62 
uc.) plus 4 gm. of non-radioactive proline; duration of experiment, 3 days. 


Rat I Rat Il 
Weight of rat at beginning of experiment, gm................| 37.0 37.0 
end of experiment, 44.5 44.0 
«gain, gm.. 7.5 7.0 
“of total dry protein ‘at ond of experiment, m.. 7.8 6.7 
Calculated gain in protein for weight gain, gm.. oe 1.3 1.1 
Hydroxyproline content of carcass protein, mg. oor gm.......| 12.6 11.1 
Calculated hydroxyproline in newly formed protein, mg..... . 16.4 12.2 
Specific activity of isolated hydroxyproline, uc. per mmole...| 0.0609 0.0831 
Calculated total activity of carcass hydroxyproline, ywe.......| 0.042 0.0436 
specific activity of in newly 
formed protein, uc. per mmole. . .| 0.336 0.469 
Specific activity of free liver hydroxyproline, uc. per mmole. .| 98.6 10.4 
«urinary uc. per 
mmole. . 92.3 13.45 
Specific activity a fed hydroxyproline, ; uc. oer mmole... 664.0 664.0 


lation can be made (Table II). On the assumption, first, that the fraction 
of protein in the weight which the animal gains during the experimental 
period is the same as that in the whole animal and, secondly, that the 
hydroxyproline concentration in that protein is the same as that in the 
carcass as a whole, it is possible to calculate the weight of hydroxyproline 
(16.4 mg.) in the newly formed protein. From the specific activity of the 
isolated hydroxyproline and from the total hydroxyproline content of the 
carcass, it is then possible to calculate the total radioactivity in hydroxy- 
proline in the carcass (0.042 ue.). This radioactive hydroxyproline, how- 
ever, could be only that hydroxyproline (16.4 mg.) located in protein 
formed during the experimental period. ‘Therefore, the specific activity 
of the hydroxyproline in the newly formed protein was 0.042 uc. per 16.4 
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mg. or 0.336 we. per mmole. Since no hydroxyproline was present in the 
diet except for the labeled material, and as one can assume the absence of 
hydroxyproline from catabolic reactions, then this protein-bound hydroxy. 
proline must be newly synthesized. Its specific activity shows about a 
2000-fold dilution over the fed hydroxyproline. When this is compared 
to the 6-fold dilution of the specific activity in free liver hydroxyproline, it 
is evident that the newly formed protein-bound hydroxyproline could not 
have been derived from the free hydroxyproline and that therefore it must 
have been produced in the bound state. Further, it can be seen that the 
amount of free hydroxyproline formed during the experimental period is 
minutely small compared to hydroxyproline formed in the bound state. 
These data, therefore, completely support the conclusions of Stetten 
(1), provided one can assume equilibration of the free liver hydroxyproline 
with free hydroxyproline in the rest of the carcass. That this assumption 
is not unwarranted can be seen from the data on the specific activity of 
free hydroxyproline in urine (Table II). As the urine had been collected 
over the whole 3 day period, and as the urinary hydroxyproline is derived 
from the circulating blood which must have reached the whole carcass, 
the high specific activity of the free urinary hydroxyproline, close to that 
of the free liver hydroxyproline, strongly supports the above conclusion. 
On applying the same calculation to the data on Rat II (Table II), which 
had received non-radioactive proline in the diet, it is evident again that the 
fed hydroxyproline suffered great dilution by newly synthesized hydroxy- 
proline bound in protein, whereas free liver and urinary hydroxyproline 


retained a high specific activity. An unexpected result was the specific | 


activity of the hydroxyproline bound in newly formed protein, which was 
not lowered by feeding of non-radioactive proline. It is of the same order 
of magnitude as that of Rat I, whereas the specific activities of free liver 
and urinary hydroxyproline were lowered about ten times. It is likely 
that the portion of proline which is bound in protein and which is subse- 
quently to become hydroxyproline is not influenced by the great increase 
in free proline and that, therefore, the extent of transformation of bound 
proline into bound hydroxyproline is independent of the concentration of 
free proline. 

Table III shows the extent of incorporation of hydroxyproline into 
carcass protein. As already indicated, the incorporation of hydroxyproline 
into protein is extremely small (0.4 per cent), though larger than that 
reported by Stetten (0.1 per cent) (1). Experimental conditions were, 
on the whole, similar except for the much younger rats used in the present 
experiments. It is probable that the higher percentage of fed hydroxy- 
proline incorporated into protein here is due to the condition of vigorous 
growth. 
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As shown previously (3), the principal labeled amino acids found in 
liver protein after pi-hydroxyproline-2-C" administration in a 4 hour 
experiment were alanine, aspartic acid, and glutamic acid, activities 
decreasing in that order. Table 1V shows that these same amino acids are 
found labeled in the 3 day experiment with L-hydroxyproline-2-C", al- 
though the order of activities is different. Aspartic acid is the most 
radioactive. 

Urinary Metabolites—As previously reported on the basis of preliminary 


TABLE III 
Radioactivity in Carcass Protein 


Weight of t-hydroxyproline consumed, 2.06 mg.; specific activity, 664 uc. per 
mmole; duration of experiment, 3 days. 


Radioactivity Per cent of dose 
pe. 
Hydroxyproline. . 0.042 0.403 
Neutral + amino 0.097 0.930 
Basic amino acids. 0.0005 
TABLE IV 


Radioactivity in Liver Protein 
Dose fed, 10.42 ue. of L-hydroxyproline; specific activity, 664 ue. per mmole; 
duration of experiment, 3 days; total activity in protein eT aliquot, 19.05 X 
10-4 ue. 


Amino acid Activity Per cent of protein activity 
pe. X 104 


observations (3), PCA is the principal urinary metabolite, accounting for 
32.75 per cent of urinary activity, after administration of pL-hydroxy- 
proline-2-C"* to a rat (Rat III) in a 4 hour experiment. An identical ob- 
servation had been made by Letellier and Bouthillier (11). Before that, 
Radhakrishnan and Meister (12, 13) had shown PCA to be the product of 
D-amino acid oxidase and catalase action on pb-hydroxyproline. In the 
present work, it was identified by paper chromatography, by carrier 
technique, and by degradation to the mercury derivative of pyrrole, as 
described under “Experimental” and shown in Table V. 

That labeled PCA should be found in the urine after administration of 
radioactive pL-hydroxyproline was not unexpected in view of the results of 
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Radhakrishnan and Meister. These authors had demonstrated that p- 
hydroxyproline was converted to A’-pyrroline-4-hydroxy-2-carboxylic acid 
which spontaneously yielded PCA. Therefore, the PCA in urine of Rat 
III was thought to be derived from the p isomer of hydroxyproline. How- 
ever, Rat I, having received the L isomer only, still excreted PCA as the 
major urinary metabolite (14.4 per cent of urinary activity). Letellier and 
Bouthillier (11) report PCA to be absent in liver and kidney preparations 
incubated with t-hydroxyproline, as well as rat or human urine after dosing 
with t-hydroxyproline, although PCA was readily detectable after 
hydroxyproline administration. Radhakrishnan and Meister (13), using 
L-hydroxyproline with liver or kidney preparations, could produce A!-pyrro- 


TABLE V 
Carrier Isolation of Pyrrole-2-carboxrylic Acid 


Rat I, 4.0 ml. of urine with 60.5 mg. of non-radioactive carrier pyrrole-2-carboxylic 
acid; Rat III, 1.0 ml. of urine with 215.0 mg. of carrier PCA. Total urine activity, 
Rat I, 0.2115 we.; Rat III, 13.97 ue. 


Specific activity, 
uc. per mmole X 107% 
Compound 
Rat I Rat III 
PCA after 2nd crystallization (ethanol)................. 7.90 
Sublimate of PCA after 4th crystallization.............. 8.54 
Silver salt of PCA “ 3rd 3 94.2 
CO. from PCA decarboxylation (yield, 80%)............ 0 
Hg derivative of pyrrole after decarboxylation.......... 90.9 


line-3-hydroxy-5-carboxylic acid, which they found not to be convertible 
into A'-pyrroline-4-hydroxy-2-carboxylic acid or PCA. On the other 
hand, they were able to detect low concentrations of PCA in human urine, 
which must have been derived from t-hydroxyproline. It is necessary, 
therefore, to postulate the presence of an enzyme system in the intact mam- 
malian organism but not in the isolated preparations mentioned above, 
which can either cause an inversion of the L to the D isomer of hydroxy- 
proline or form the 2-carboxylic acid and hence PCA from the 1 isomer. 
It is noteworthy that Dr. D. Sunko, in the authors’ laboratory, isolated 
radioactive y-hydroxyglutamic acid after incubation of labeled L-hydroxy- 
proline with rat liver slices, thus confirming the pathway through A’- 
pyrroline-3-hydroxy-5-carboxylic acid. 

Radhakrishnan and Meister (13) observed the formation of y-amino-f- 
hydroxybutyric acid from p-hydroxyproline with p-amino acid oxidase in 
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the absence of catalase. Since this compound could be regarded as a 
precursor of carnitine (y-trimethylamino-6-hydroxybutyric acid), a search 
was made for radioactive carnitine in the rats receiving labeled pL- (Rat 
III) and t-hydroxyproline (Rat I), but no significant radioactivity could 
be detected in carnitine in either case. 

As shownin Table VI, most of the urinary radioactivity was contained in 
PCA, urea, and hydroxyproline. The much higher percentage of activity 
(almost ten times) excreted by Rat III, compared to that of Rat I, is most 
probably due to the route of administration of the isotopic compound, 
which was injected intraperitoneally into Rat III whereas it was fed. to 
Rat I. Urea was one of the major radioactive components of the urines, 


TABLE VI 
Radioactive Metabolites in Urine 
Dose administered, Rat I, 10.42 we. of L-hydroxyproline (fed); Rat III, 73.4 ue. 
of pt-hydroxyproline (injected). Specific activity, 664 ue. per mmole. Activity 
in urine, Rat I, 0.2115 we. (2.25 per cent of dose); Rat III, 13.97 ue. (19.10 per cent 
of dose). Duration of experiment, Rat I, 3 days; Rat III, 4 hours. 


Per cent of 


urine activity Per cent of dose 


Activity 
Compound in urine 


RatI | | RatI | | RatI | Rat Il 


pc. X 1073 be. 


Pyrrole-2-carboxylie acid. ..| 30.55 4.57 14.4 32.75 0.29 6.23 
0.29 25.6 2.04 0.52 0.39 
Hydroxyproline............| 89.80 5.03 42.4 36.05 0.86 6.86 


especially in that of Rat I, no doubt because of the high radioactivity in 
expired carbon dioxide demonstrated previously (3). 


SUMMARY 


Two young rats were fed t-hydroxyproline-2-C™ over a period of 3 days, 
after having been given a hydroxyproline-free diet from weaning; one re- 
ceived non-radioactive proline as well. The specific activities of the 
isolated free liver and urine hydroxyproline showed an approximately 
6-fold dilution of the specific activity of the fed hydroxyproline, revealing 
the presence of a small, but definite, free hydroxyproline pool. This was 
increased about 10 times after feeding non-radioactive proline, demon- 
strating that a small amount of free hydroxyproline is synthesized from 
proline. By determining the specific activity of hydroxyproline in carcass 
protein, as well as the amount of total hydroxyproline, it was possible to 
calculate the specific activity of hydroxyproline in protein newly synthe- 
sized during the experimental period. It was found to be about 2000 times 
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less than that of the fed hydroxyproline. It is evident, therefore, that the 
newly formed, protein-bound hydroxyproline could not have been derived 
from the free hydroxyproline, but must have been produced in the bound 
state. This dilution in specific activity of the bound hydroxyproline was 
the same in the rat receiving non-radioactive proline, showing that the 
transformation of bound proline into bound hydroxyproline is independent 
of the concentration of free proline. The hydroxyproline incorporated into 
total carcass protein was 0.4 per cent of the dose fed. The labeled amino 
acids in liver protein were aspartic acid, alanine, and glutamic acid, the 
activities decreasing in that order. 

Pyrrole-2-carboxylic acid was identified as the principal urinary metab- 
olite, after administration of labeled pL- or Lt-hydroxyproline, urea being 
the only other radioactive metabolite in urine. No radioactivity could be 
detected in carnitine, after labeled pL- or L-hydroxyproline administration. 
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In spite of great potential interest, relatively little is known concerning 
the biosynthetic pathways and precursors of proteins in the developing 
chick embryo. From a study of the incorporation of labeled amino acids, 
in free and protein-bound form, into embryonic proteins in tissue culture, 
Francis and Winnick (1) concluded that preformed proteins acted as 
preferential precursors. By means of gross depletion studies, Rupe and 
Farmer (2) have shown that yolk proteins are utilized before those of the 
white in the formation of the embryo. 

In order to gain further insight into these problems, we have injected 
S**labeled proteins, peptides, and amino acids into yolk and egg white of 
unincubated, embryonated eggs. After suitable periods (5 to 9 days), 
the extent and the rate of incorporation of the label into the embryonic 
proteins were determined. In other experiments, we have fractionated 
embryonic homogenates into subcellular fractions in order to obtain 
possible leads towards a localization of the anabolically active sites in the 
system. 


Materials and Methods 


Preparation of Precursors—Torulopsis utilis was grown on sulfate-S* 
and the yeast protein was purified and hydrolyzed (3). White Leghorn 
laying hens were injected intraperitoneally with the neutralized yeast 
protein hydrolysate. Ina typical experiment, an aliquot of the hydrolysate 
corresponding to 50 me. of the original sulfate was injected into a hen in 
two doses about 5 hours apart. 8 hours after the second injection, the 
animal was exsanguinated by heart puncture and the oviduct was then 
removed. Serum albumin and serum globulin were prepared from the 


* Supported by a research grant (H-2177) from the National Heart Institute, 
National Institutes of Health, United States Public Health Service. Contribution 
No. 810 from the Department of Chemistry, Indiana University. 

Preliminary reports of some portions of this work have been published (Nature, 
178, 1176 (1956); Federation Proc., 16, 266 (1957)). 
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blood serum by ammonium sulfate fractionation (4) and ovalbumin was 
prepared from the oviduct, essentially by the method of Steinberg and 
Anfinsen (5). All protein preparations were treated with cysteine at pH 
8 to 8.5 for 2 hours in the cold (5°) to assure removal of all exchangeable 
S*5 and were subsequently dialyzed against numerous changes of water. 
Peptides were prepared by peptic hydrolysis of aliquots of each of these 
proteins as previously described (4). Labeled rat serum proteins were 
also prepared by published methods (6). 

Injection—The radioactivity of the amino acids, peptides, and proteins 
to be used was determined (4) and aliquots corresponding from 0.05 to 0.1 
ml., 0.1 to 2.0 mg., and 3000 to 140,000 c.p.m. were injected either into 
the yolk or into the egg white of unincubated, embryonated White Rock 
eggs. The eggs were first swabbed at the place to be injected (narrow end 
of egg for egg white injection, side of egg for yolk injection) with 70 per 
cent alcohol. Injection was made through a small puncture and the 
hole was immediately sealed with paraffin. The eggs were incubated at 
38° under conditions of controlled humidity. 2 to 3 dozens of eggs were 
normally injected with one of the protein precursors when the extent of 
activity recoverable from the whole embryo was to be determined; up to 
15 dozens of eggs were injected with one of the precursors when the specific 
activity in the subcellular fractions of the embryo was to be measured. 

Harvesting—Embryos were harvested daily from the 5th to the 9th day; 
a number of similarly injected ones were pooled and homogenized in saline 
or water. The proteins were precipitated by trichloroacetic acid (8 per 
cent), dry protein powders were prepared, and the radioactivity was 
counted (4). 

Fractionation—In a number of experiments the embryos were harvested 
on the 5th or on the 9th day and were homogenized and fractionated by 
centrifugation into a “nuclear,” “mitochondrial,” ‘microsomal,’ and 
“supernatant” fraction! (7). In these experiments, a minimum of forty 
embryos was required on the 5th day and usually eight embryos were used 
on the 9th day. The embryos were harvested, pooled, and homogenized 
in a Potter-Elvehjem apparatus in either a 0.25 m sucrose solution or a 
solution containing 0.9 per cent KCl, 0.001 m Versene, and 0.01 M tris- 
(hydroxymethyl)aminomethane buffer at pH 7.8 for 3 to 5 minutes. 
In some of the 9 day-old embryo fractionations, the eyes were excised and 
discarded prior to fractionation. After homogenization, the material was 


1 Since to our knowledge no extensive information exists on the validity of the 
fractionation techniques elaborated with adult tissues as applied to embryonic sys- 
tems, great caution must be exercised in accepting such fractionation data as indi- 
cating anything beyond a separation of particle types of, as yet, undetermined cyto- 
logical antecedents. It is purely as a matter of convenience that the customary terms 
nuclei, mitochondria, etc., are used for the various fractions in the present paper. 
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centrifuged in a convenient volume three times for 10 minutes, each time 
at 1000 X g in an International refrigerated centrifuge with intermediate 
washings of the sedimented material.. The sedimented material is the 
nuclear plus cell debris fraction. The supernatant fluid from this fraction 
was centrifuged twice for 10 minutes, each time at 15,000 X g to obtain the 
mitochondrial fraction. Finally, the supernatant fluid from the mitochon- 
drial fraction was centrifuged twice, for one-half hour each time, in a Spinco 
preparative centrifuge at 105,000 X g to obtain the microsomal fraction 
(sediment) and the final supernatant fluid. All sediments were resuspended 
in water, the protein was precipitated with trichloroacetic acid, and dry 
protein powders were prepared, weighed, and counted (4). 


RESULTS AND DISCUSSION 


Nature of Precursor—The results of experiments in which are employed 
a variety of different proteins, peptides derived from them, and free amino 
acids as possible precursors of embryonic proteins from the yolk are shown 
in Fig. 1. We have expressed the data both in terms of total incorporation 
per embryo (permissible in view of the relative constancy of embryonic 
weights at any given stage of development (8)) and in terms of specific 
radioactivity of the embryonic protein in order to bring out different facets 
of the problem. It can be seen that, in spite of minor time-dependent 
variations, the efficiency of utilization of the various precursor classes 
shows a remarkable uniformity. Differences are of the order of less than 
one power of 10, in spite of the enormous difference in molecular weights 
of the precursors used. Reproducibility of these experiments falls within 
these same limits and Fig. 1 shows results of a typical set of experiments. 
The data of Table I show that similar results are also obtained when 
heterologous (rat) proteins are injected into the yolk. Nor are these 
findings limited to a comparison of serum proteins, since in individual 
experiments with tissue homogenates (cf. Table I) the extent and pattern 
of incorporation did not deviate significantly from the results of Fig. 1. 

In Fig. 2 we have summarized the results of injection of various protein 
precursors into the egg white. It is apparent that peptides or amino acids 
are utilized equally well independently of their route of introduction into 
the egg, while proteins are used less efficiently from the egg white than 
from the yolk. This is brought out more clearly by the following con- 
sideration: The actual value of the specific activity of the embryonic pro- 
tein per 10,000 c.p.m. injected obtained from serum albumin is shown by 
the X symbols in Fig. 1, B or Fig. 2, B, according to whether this protein 
has been injected into the yolk or egg white. Utilization from the yolk 
gives values of the order of 10, while from the egg white they fluctuate 
around 0.1. Now we can calculate the specific activity to be expected in 
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Fic. 1. Precursors injected into the yolk. A, per cent of injected activity re- 
covered per embryo from the 5th to the 9th day of incubation. B, (10,000)/(counts 
per minute injected) X counts per minute per mg. of embryonic protein from the 5th 
to the 9th day of incubation. Legend, X, chicken serum albumin; O, chicken serum 
albumin peptides; @ , chicken serum globulin; 0, chicken serum globulin peptides; 
@, ovalbumin; A, ovalbumin peptides; @, amino acids. 


TABLE I 


Chicken Liver Homogenate and Heterologous (Rat) Serum Proteins 
Injected into Yolk As Protein Precursor 


Per cent of injected activity recovered per embryo 


| 


Day after injection 
Chicken liver homogenate Rat serum albumin Rat serum globulin 


1.36 


3.68 


aak 


9.50 


either of the two protein compartments in the egg if we assume complete 
equilibration with the injected material and use the known values for the 
egg white and yolk protein content (9). This calculated value equals 3 
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c.p.m. per mg. for both. From these results one may conclude, in agree- 
ment with Rupe and Farmer, that, over the time period studied, the egg 
white proteins are not utilized as precursors of embryonic proteins. On 
the other hand, the soluble proteins injected into the yolk are used for this 
purpose and are used preferentially to some of the yolk proteins proper. 
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Fic. 2. Precursors injected into the egg white. A, per cent of injected activity 
recovered per embryo from the 5th to the 9th day of incubation. B, (10,000)/ (counts 
per minute injected) X counts per minute per mg. of embryonic protein from the 5th 
to the 9th day of incubation. Legend, X chicken serum albumin; O, chicken serum 
albumin peptides; @ , chicken serum globulin; 0, chicken serum globulin peptides; 
@, ovalbumin; A, ovalbumin peptides; &, amino acids. 


If one attempts to arrive at a decision as to which of the injected protein 
precursors (proteins, peptides, or amino acids) is used preferentially, one 
must consider that the administered protein is diluted with at least a portion 
of the yolk protein, approximately a total of 3 gm. (9), while the amino 
acids and peptides are essentially not diluted since there are only negligible, 
if any, amino acid and peptide pools in the yolk (9). We are therefore 
driven to the conclusion that proteins are the preferred precursors of 
embryonic proteins in the chick in accord with the studies in vitro of 
Francis and Winnick. The fact that we find no differences in the utiliza- 
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tion of injected homologous and heterologous proteins indicates that these 
precursors are assimilated by the embryo by pathways having at least some 
intermediate (or intermediates) in common. 

What is the nature of these intermediates? If they were peptides or 
amino acids, in ready and reversible equilibrium with added (2.e. injected) 
tracers of these species, we should again expect incorporation values into 
protein far in excess of those actually observed. Thus, two alternatives 
present themselves: The one usually postulated is that breakdown of 
precursor proteins and synthesis de novo occur at two sites in such close 
spatial proximity as to preclude much equilibration between low molecular 
weight precursors attached to these sites and those in the medium. — This 


TaBLeE II 
Subcellular Fractionation Studies on Whole Chick Embryos* 
5th day 9th day 

Fraction Oval Rat 
Ovatbumin| | Amine lovatbumin| | bumin | Amino | cram 
tides albumin 
Nuclear............ 24.8) 73.2 13.3} 14.7) 4.8) 2.6 
Mitochondrial...... 4.8 19.7; 4.81 91.0 16.6; 22.2) 6.4 3.1 
Microsomal......... 6.5 20.0) 3.85 77.5 14.9, 12 5.5| 2.7 
Supernatant........ 6.4 28.7; 4.62 87.5 15.0; 15.2; 6.1) 2.7 

C.p.m. injected pe | 
egg...............|48,140 (30,950 (6170 |76,400 (18,100 (7230 (5770 /3920 


* Fractionation on 5th and 9th days after injection of indicated precursor into 
the yolk; all values shown are specific activities, 7.e. counts per minute per mg. of 
protein. The figures in bold-faced type indicate the particulate fraction showing 
the highest specific activity. 


explanation has been adduced to account for similar results in other systems 
(4, 10) but may be inadequate in the present case, since it is known that 
considerable proteolytic activity has been found in the yolk (11). Thus 
it is not unreasonable to assume that protein breakdown in our system is 
centered in the yolk and is therefore actually physically separated from, 
rather than in close proximity to, the synthetic activities of the embryo 
proper. The second alternative envisages the possibility that the inter- 
mediates are some “active” form of amino acids (perhaps the aminoacyl 
adenylates recently described (12)) not identical with added, free amino 
acids and formed with greater efficiency from protein than from low molec- 
ular weight precursors. 

Anabolic Sites—In an attempt to determine the metabolically active 
sites in the chick embryo, we injected the yolk with the various precursors 
as above and, on the 5th and 9th days, fractionated the whole embryo into 
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a nuclear, mitochondrial, microsomal, and supernatant fraction.' Data 
typical of those obtained in experiments of this sort are shown in Table II. 
Independently of the protein precursor injected, the highest specific 
activity of all the particulate fractions is found in the rapidly sedimenting 
(nuclear) fraction on the 5th day and in the more slowly sedimenting 
(mitochondrial) fraction on the 9th day. 

Two sets of comments appear appropriate at this point: The results shown 
in Table II are representative for the type of experiment, but reproduci- 


TABLE III 


Statistical Analysis of All Results in Fractionation of Embryos after 
Injection of Precursors into Yolk 


The values in parentheses indicate the number of runs: ovalbumin (3), chicken 
albumin (2), rat albumin (1), and amino acids (4) were used in the 5 day experiments; 
ovalbumin (3), chicken albumin (2), chicken globulin (1), ovalbumin peptides (2), 
chicken globulin peptides (2), rat albumin (2), and amino acids (3) in the 9 day ex- 
periments. The ratios shown are found by dividing the counts per minute per mg. 
obtained after fractionation in the various fractions in the manner indicated: N = 
nuclear, M = mitochondrial, P = microsomal. A value for the 95 per cent confi- 
dence limit which excludes 1.000 is considered significant and is in bold-faced type. 
These limits are obtained as the products of the standard error and ‘‘t’’; appropriate 
values of the latter quantity (2.33 and 2.13, respectively) are found in Table II of 
Mather (14) (see also p. 232 for a discussion of fiducial probability). 


Precursor classes.............. 4 7 
1.208 0.897 0.885 1.023 1.116 
S.e..............,......| 0.1528 | 0.0970 | 0.1290 | 0.0411 | 0.0358 | 0.0382 
95% confidence (fidu- 

cial) limits...........| 1.062- | 0.992- | 0.599- | 0.787- | 0.947- | 1.034- 

1.744 1.424 1.195 0.973 1.103 1.198 


bility between replicate runs leaves much to be desired. No reason can 
be given at present for this variability. In order to evaluate the signifi- 
cance of the results obtained, however, a brief analysis of all such experi- 
ments performed, regardless of precursor (different proteins, peptides, and 
amino acids), is presented in Table III. It will be appreciated that there 
is a statistically significant difference in specific activity pattern between 
the 5th and 9th day.22. Given this difference, what then is its significance? 


? [t will be noticed that the data are expressed as quotients rather than differences 
and only the number of runs are used as the degrees of freedom, the variety of pre- 
cursor classes being disregarded. This statistic is designed for maximal obtainable 
rigor. 
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In the absence of reliable cytological criteria, it would be premature to 
ascribe it to differential metabolic activities of definite and specific particle 
types. Until we are sure that the nuclear fraction consists solely of nuclej 
and the mitochondrial fraction of mitochondria, any correlation must 
remain highly tentative. There is the additional difficulty as well that 
we are dealing with whole embryo homogenates, 1.e. a highly heterogeneous 
cell population. What appears to be established, however, is that within 
a time span during which there is available to the embryo a continuous 
supply of (radioactive) precursor (2.e. in a situation that corresponds 
essentially to a steady state) there is a profound change in the ability of 
different cell fractions, obtained by uniform methods, to utilize a wide 
variety of potential precursors for protein synthesis. In view of the 
considerations just enumerated, as a provisory but highly tempting hy- 
pothesis, one might consider that, in the early stages of embryonic develop- 
ment, it is the nucleus which is the main site of protein synthesis (13), 
while during later phases, this function is taken over by the mitochondria. 


SUMMARY 


1. Radioactively labeled homologous and heterologous proteins, pep- 
tides, and amino acids were injected into the yolks and whites of unincu- 
bated, embryonated eggs. Embryos were harvested from the 5th through 
the 9th day; dry protein powders were prepared and their radioactivity 
was determined. It is concluded that during this time period yolk protein 
is the preferred precursor of embryonic chick proteins and that the path- 
way is probably via an amino acid derivative (“activated amino acid”). 

2. Experiments in which embryos were homogenized and fractionated 
into their subcellular fractions have indicated that the nuclear fraction is 
more active metabolically on the 5th day and the mitochondrial fraction 
more active on the 9th day of incubation. 


We are indebted to Professor Felix Haurowitz and Dr. M. P. Rabinovich 
for many stimulating discussions. 
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block is essentially complete. 


Methods 


below. 
another non-aleaptonuric patient. 


with 32 per cent ethanol as described by Knox and Edwards (4). 
251 


THE NATURE OF THE DEFECT IN TYROSINE METABOLISM 


Aleaptonuria is a rare, hereditary, metabolic disorder characterized by 
a defect in the oxidation of tyrosine (1-3). In this condition homogentisic 
acid, an intermediary product of tyrosine degradation in mammalian 
liver, is excreted in the urine. This disorder has been attributed to an 
abnormality of the enzyme system, homogentisic acid oxidase, but the 
exact nature of the abnormality has not been determined. The recent 
opportunity to perform a liver biopsy during abdominal surgery on a 
patient with aleaptonuria made it possible to determine more precisely the 
nature of the defect in homogentisic acid oxidase. In addition, the activi- 
ties of the other enzymes known to participate in tyrosine catabolism were 
assayed and compared with those of non-alcaptonuric liver preparations. 
It was possible to establish with reasonable certainty that the defect in 
alcaptonuria is limited to the enzyme, homogentisic acid oxidase, that 
there is a failure to synthesize active enzyme, and that the metabolic 


Preparation of Liver Homogenate—A 2.8 gm. sample of liver removed 
during surgery on a 57 year-old male alcaptonuric patient (for repair 
of an esophageal hiatus hernia) was chilled immediately and homogenized 
with a Potter-Elvehjem type glass homogenizer in 11.2 ml. of cold 0.9 
per cent KC] solution in a cold room at 5°. The homogenate was centri- 
fuged at 12,000 X g for 20 minutes, and the resulting supernatant fraction 
containing 24.0 mg. of protein per ml. was used in the experiments described 


Similar preparations were made from liver obtained at surgery on a 
non-aleaptonuric patient and at autopsy about 12 hours after death of 


Preparation of Rat Liver Homogentisic Acid Oxidase—Homogentisic 
acid oxidase was precipitated from a homogenate of rat liver by treatment 


= | 
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precipitation with 32 per cent ethanol removed most of the glutathione 
and maleylacetoacetic acid isomerase activity. 

Materials—p-Hydroxyphenylpyruvic acid, m-hydroxyphenylpyruvic 
acid, 2,5-dihydroxyphenylpyruvic acid, and homogentisic acid were 
synthesized as previously described (5). In some experiments homogen- 
tisic acid isolated from the urine of the alcaptonuric patient was used. 2,5- 
Dihydroxyphenyl-pL-alanine was obtained from Dr. H. B. Gillespie (6). 

Maleylacetoacetic acid was prepared enzymatically from homogentisic 
acid with rat liver homogentisic acid oxidase as described by Knox and 
Edwards (7). The product contained about 10 per cent fumarylacetoacetic 
acid. Fumarylacetoacetic acid was obtained from maleylacetoacetic acid 
by allowing an acidified solution of the latter to stand several days in 
the cold. The extent of isomerization was followed spectrophotometrically 
(7). 

Homogentisic acid-C" labeled in the carboxyl group was kindly synthe- 
sized by Dr. E. M. Gal, University of California. The preparation con- 
tained approximately 1 ue. per mg. 

Analytical Methods—p-Hydroxyphenylpyruvic acid and homogentisic 
acid were determined colorimetrically following acidification of the incu- 
bation mixture and extraction into ether as described previously (5). 

Acetoacetic acid was determined manometrically by decarboxylation 
at pH 5.2 with 4-aminoantipyrine at 37° (8). The rate of decarboxylation 
of acetoacetic acid by 4-aminoantipyrine is very rapid, and the reaction 
is essentially complete within 15 minutes, whereas the rates of decarboxy- 
lation of fumarylacetoacetic acid and maleylacetoacetic acid are much 
slower. 

Ascending paper chromatography of homogentisic acid with n-butanol- 
water-formic acid was carried out as previously described (5). 

Estimation of C%O.—After the incubation of 2 umoles of labeled homo- 
gentisic acid-C™ with the liver homogenate preparations, the Warburg 
flasks were removed from the bath, and the alkali in the center well was 
replaced by 0.2 ml. of 0.16 m Hyamine base in methanol and toluene (9). 
The contents of the main compartment were adjusted to pH 5.2 with 1 m 
acetic acid followed by the addition of 0.5 ml. of 0.5 m acetate buffer, 
pH 5.2. 0.2 ml. of 0.2 Mm 4-aminoantipyrine, dissolved in the acetate buffer, 
was added to the side arm, and the flasks were returned to the bath at 37°. 
Following temperature equilibration, acetoacetic acid was decarboxylated 
by tipping in 4-aminoantipyrine, and the CO, liberated was trapped by the 
Hyamine base in the center well. Suitable aliquots of the base were 
then removed, mixed with 10 ml. of 0.4 per cent diphenyloxazole in toluene, 
and counted in a liquid scintillation counter (9). 

Enzyme Assay Methods—p-Hydroxyphenylpyruvic acid oxidase activity 
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was measured manometrically as previously described (5). Since the rate 
of tyrosine transamination is slower than the rate of p-hydroxyphenyl- 
pyruvic acid oxidation, tyrosine transaminase activity could be estimated 
manometrically when L-tyrosine was used as the substrate in the above 
assay method supplemented with a-ketoglutarate and pyridoxal phosphate 
at pH 7.5. Homogentisic acid oxidase activity was determined mano- 
metrically by the method of Knox and Edwards (4). Maleylacetoacetic 
acid isomerase and fumarylacetoacetic acid hydrolase activities were 
determined by the spectrophotometric methods of Knox and Edwards (7). 


Results 


The results of our studies indicate that the pathway of tyrosine oxi- 
dation in human liver homogenate preparations proceeds by the same 
sequence of reactions as it does in other mammalian species; that is, 
L-tyrosine — p-hydroxyphenylpyruvic acid — homogentisic acid — 
maleylacetoacetic acid — fumarylacetoacetic acid — acetoacetic acid 
and fumaric acid (10). The enzymes involved were localized in the 
soluble protein fraction of the liver cell. As with other mammalian 
liver preparations (11-13), a,a’-dipyridyl completely blocked the oxida- 
tion of homogentisic acid, and this inhibitor could be used to study the 
enzymatic formation of homogentisic acid from p-hydroxyphenylpyruvic 
acid or from tyrosine. In view of these similarities, the methods developed 
to study tyrosine oxidation in animal liver were used to study and compare 
the tyrosine oxidation system of non-alecaptonuric and alcaptonuric human 
liver. 

Tyrosine Transaminase in Non-Alcaptonuric Liver Homogenate—In the 
presence of a-ketoglutarate tyrosine was converted to p-hydroxyphenyl- 
pyruvic acid by transamination, and the optimal pH for this reaction was 
near 7.8, as was previously found for rat and dog liver preparations (5). 
However, in balance studies on the over-all pathway of tyrosine oxidation, 
it was more convenient to use p-hydroxyphenylpyruvic acid as the sub- 
strate because of the relatively slow rate of the tyrosine transaminase step. 
In addition, the optimal pH range for p-hydroxyphenylpyruvic acid oxidase 
was from pH 6.3 to 7.8; thus a lower pH could be used to accumulate homo- 
gentisic acid. 

Oxidation of p-Hydroxyphenylpyruvic Acid to Homogentisic Acid in 
Non-Alcaptonuric Liver Homogenate—In the absence of a,a’-dipyridyl, 
p-hydroxyphenylpyruvic acid was oxidized quantitatively to acetoacetic 
acid, and the theoretical amount of oxygen, 4 atoms, was consumed in this 
oxidation (Table I). Inthe presence of 0.001 M a,a’-dipyridyl, a quanti- 
tative accumulation of a product identified chemically as homogentisic 
acid resulted, and this oxidation consumed 2 atoms of oxygen as theoreti- 
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cally required (Table I). Additional evidence that the product was homo- 
gentisic acid was obtained by paper chromatography. Both the product 
and authentic homogentisic acid migrated as a single spot with an Rp, of 
0.75. No evidence for the presence of gentisic acid was found. 

In accord with studies of other mammalian liver preparations (5, 14), 
neither 5 wmoles of 2,5-dihydroxyphenyl-p.L-alanine nor 5 uwmoles of 2,5- 
dihydroxyphenylpyruvic acid were oxidized under the same conditions in 
which 5 umoles of p-hydroxyphenylpyruvic acid were completely oxidized 
to homogentisic acid. 


TABLE I 


Oxidation of p-Hydroxyphenylpyruvic Acid to Homogentisic Acid and 
to Acetoacetic Acid in Non-Alcaptonuric Liver Homogenate 


The main compartment of the Warburg vessels contained 0.7 ml. of 0.2 Mm sodium 
phosphate buffer, pH 6.5, 200 y of 2,6-dichlorophenolindophenol, 20 uwmoles of neu- 
tralized glutathione, and 0.5 ml. of liver homogenate supernatant fraction. 2 moles 
of a,a’-dipyridyl were added to the flasks when the accumulation of homogentisic 
acid was desired. 2.5 wmoles of p-hydroxyphenylpyruvic acid were present in the 
side arm. The total fluid volume was 2.0 ml. 


With Without 
a,a’-dipyridyl a ,a’-dipyridyl 
pumoles pmoles 
Net oxygen uptake. . 2.5 5.0 
Decrease in p- -hydroxyphonyipyravie acid .. 2.4 
Apparent formation of acid by chemical 
Formation of acotoncetic ncidt.. 2.4 


* The contents of three flasks were pooled and extracted with ether, and aliquots 
were analyzed chemically for p-hydroxyphenylpyruvic acid and homogentisie acid 
as described previously (5). 

t The acetoacetic acid formed was determined by chemical decarboxylation with 
4-aminoantipyrine as described under ‘‘Methods.’’? The theoretical amount of 
acetoacetic acid expected was 2.5 umoles. 


The p-hydroxyphenylpyruvie acid oxidase activity of human liver was 
found to be similar to that of dog liver in regard to its sensitivity to several 
inhibitors. Diethyldithiocarbamate inhibited 80 per cent at 1 X 10° 
M, and m-hydroxyphenylpyruvic acid inhibited over 50 per cent at 2.5 X 
10 * m and was not oxidized as a substrate. In addition, the unusual 
type of inhibition produced by excess p-hydroxyphenylpyruvic acid, which 
could be prevented, in part, by ascorbic acid or 2,6-dichlorophenolindo- 
phenol, was observed with human liver preparations, just as with dog liver 
(5). 

Oxidation of Homogentisic Acid to Acetoacetic Acid in Non-Alcaptonuric 
Liver—The conversion of p-hydroxyphenylpyruvic acid to acetoacetic acid 
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was demonstrated in the above experiments in which a,a’-dipyridyl was 
omitted (Table I). Although these data indicated the presence of homo- 
gentisic acid oxidase, a direct manometric assay of this enzyme activity was 
made by employing homogentisic acid as a substrate. The spectrophoto- 
metric assay method of Knox and Edwards (4) was unsatisfactory because 
too much glutathione remained in the homogenate, even after dialysis for 
2 hours, to permit quantitative accumulation of maleylacetoacetic acid. 
Spectrophotometric assays for maleylacetoacetic acid isomerase and fu- 
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Fic. 1. Homogentisic acid oxidase activity in alecaptonuric liver homogenate. 
The flasks contained 20 umoles of neutralized glutathione, 0.2 wmole of Fe*t , liver 
preparations as described below, 0.4 ml. of 0.2 m phosphate buffer, pH 6.5, and 5 
umoles of homogentisic acid in the side arm. Total volume, 2.0 ml. A, 0.5 ml. of 
20 per cent aleaptonuric liver homogenate. B, asin A with the delayed addition of 
0.5 ml. of rat liver homogentisic acid oxidase (|). C,0.5 ml. of rat liver homogentisic 
acid oxidase. 


marylacetoacetic acid hydrolase activities demonstrated the presence of 
both enzymes in high concentration in human liver. However, the iso- 
merase activity was considerably lower in the autopsy liver specimen, and 
this was probably due to the instability of the enzyme during the post- 
mortem period. 

Homogentisic Acid Oxidase Activity in Alcaptonuric Liver Homogenate— 
5 umoles of homogentisic acid were incubated with a homogenate of liver 
from the aleaptonuric patient supplemented with Fe**, the only known 
cofactor of homogentisic acid oxidase (11). No measurable oxygen uptake 
occurred in 45 minutes (Tig. 1). 

The possibility was considered that aleaptonuric liver might contain 
an inhibitor of homogentisic acid oxidase. However, evidence against this 
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possibility was obtained by adding a preparation of rat liver homogentisic 
acid oxidase to an incubation mixture containing alcaptonuric liver homoge. 
nate which had failed to oxidize substrate during the preceding 20 minutes, 
The resulting rate of oxygen consumption in the presence of the rat liver 
homogentisic acid oxidase was exactly the same as when the latter was 
assayed alone (Fig. 1). 

Although alcaptonuric liver appears to have no homogentisic acid 
oxidase activity demonstrable by the manometric assay, this method could 
not detect a rate of 0.1 umole of homogentisic acid oxidized per hour per 


TABLE II 
Oxidation of C''-Carboryl-Labeled Homogentisic Acid 


Complete oxidation of 336 y of homogentisic acid-C" with excess rat liver homoge- 
nate yielded 304,700 c.p.m. (910 ¢.p.m. per y of homogentisic acid) after decarboxyla- 
tion of the acetoacetic acid formed with 4-aminoantipyrine as described under 
‘“‘Methods.’’ The reaction rate as measured by O2 consumption was proportional 
to the amount of rat liver homogenate when 6.0 mg. and 1.25 mg. of protein were 
present, and the yield of CO. corresponded to that expected from the manometric 
data. The flasks contained 2.0 umoles of homogentisic acid-C™, 20 wmoles of neu- 
tralized glutathione, 0.2 umole of Fe*t, 1.0 ml. of 0.2 m phosphate buffer, pH 6.5, 
and liver homogenate. The total fluid volume was 2.0 ml.; the flasks were shaken 
at 37° under air. Incubation time, 20 minutes. 


Enzyme preparation Protein* 
mg. c.p.m. 
Aleaptonuric liver homogenate........... 6 460 
Rat liver homogenate.................... 1.25 175,800 


* 6 mg. of protein equivalent to 50 mg. wet weight of liver. 


0.1 gm. of wet weight of liver. Assuming a liver weight of approximately 
1500 gm., this low rate would theoretically permit the oxidation of about 
6 gm. of homogentisic acid per day in man, an amount approximately 
equivalent to the average daily intake of phenylalanine and tyrosine. 
Therefore, a more sensitive method was employed to test for homogentisic 
acid oxidase activity in alcaptonuric liver. 

2 umoles of homogentisic acid-C' labeled in the carboxyl group were 
incubated for 20 minutes with alcaptonuric liver homogenate and with 
various dilutions of rat liver homogenate. The resulting acetoacetic acid 
was decarboxylated with 4-aminoantipyrine, and the radioactivity in the 
liberated CO2 was measured. Incubation of the radioactive substrate 
with the alcaptonuric liver homogenate gave no more radioactive CO: 


than a control incubation carried out without enzyme (Table II). 
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TaBLeE III 
Oxidation of p-Hydroxyphenylpyruvic Acid to Homogentisic Acid 
in Alcaptonuric Liver Homogenate 

The main compartment of the Warburg vessel contained 0.7 ml. of 0.2 Mm sodium 
phosphate buffer, pH 6.5, 200 y of 2,6-dichlorophenolindophenol, 20 umoles of neu- 
tralized glutathione, and 0.5 ml. of alcaptonuric liver homogenate supernatant frac- 
tion. 2.5 umoles of p-hydroxyphenylpyruvic acid were present in the side arm. 
The total fluid volume was 2.0 ml. 


Oxidation 
umoles 
Decrease in »-hydroxyphenyipyravie acid. 
Apparent sommattes of homogentisic acid* by chemical determination. . 2.6 


* The contents of three flasks were pooled and extracted with ether, and aliquots 
were analyzed chemically for p-hydroxyphenylpyruvic acid and homogentisic acid 
as described previously (5). Another portion was incubated with rat liver homo- 
gentisic acid oxidase to yield maleylacetoacetic acid. Thelatter was determined spec- 
trophotometrically as described under ‘‘Methods.”’ 


TaBLeE IV 
Activity of Tyrosine Oxidation Enzymes in Alcaptonuric and 
Non-Alcaptonuric Human Liver 


Activity* 
Enzyme 
Non-alcaptonuric |Non-alcaptonuric |Alcaptonuric liver, 
liver, autopsyt liver, biopsyt iopsy 

Tyrosine transaminase. . 0.67 3.6 3.2 
p-Hydroxyphenylpyruvic acid ‘oxidase. . 4.3 6.7 4.6 
Homogentisic acid oxidase... 11.8 26.8 <0.0048 
Maleylacetoacetic acid isomerase’. pats 14.5 960 780 
Fumarylacetoacetic acid hydrolase. .... 14 29 22 


* Activity calculated as micromoles of substrate oxidized per hour per 0.1 gm. 
wet weight of liver. 

t 36 year-old male with Hodgkin’s disease. 

t 5 year-old female with congenital hemolytic anemia; splenectomy performed. 
: § Units calculated as A log optical density per hour per 0.1 gm. wet weight of 
iver (7). 


Formation of Homogentisic Acid from L-Tyrosine and p-Hydroxyphenyl- 
pyruvic Acid—The quantitative formation of homogentisic acid from L- 
tyrosine with a-ketoglutarate present, or from p-hydroxyphenylpyruvic 
acid (Table III), could be demonstrated in aleaptonuric liver homogenate. 


S. 

d 

d 
oT 

c 

n 
— 


258 DEFECT IN ALCAPTONURIA 


The product was also identified as homogentisic acid by paper chromatog. 
raphy. Both the apparent and authentic homogentisic acids migrated as a 
single spot with an R, of 0.75. For further identification, 2.5 umoles of the 
apparent homogentisic acid, which had been extracted with ether from the 
aleaptonuric liver incubation mixture, were incubated with rat liver 
homogentisic acid oxidase. The resulting maleylacetoacetic acid was 
identified by its absorption spectrum and by its disappearance upon the 
addition of glutathione and excess maleylacetoacetic acid isomerase and 
fumarylacetoacetic acid hydrolase. 

As was observed with the non-alcaptonuric human liver, 5 umoles of 
2 ,5-dihydroxyphenylpyruvic acid were not oxidized to homogentisie acid. 

Metabolism of Maleylacetoacetic Acid and Fumarylacetoacetic Acid in 
Alcaptonuric Liver—Maleylacetoacetic acid isomerase and fumarylace- 
toacetic acid hydrolase activities were demonstrated in alcaptonuric liver 
homogenate. With the exception of homogentisic acid oxidase, all the 
enzymes involved in tyrosine oxidation were present in the alcaptonuric 
liver at levels comparable to that of the non-alcaptonuric liver (Table IV). 


DISCUSSION 


The results presented define more precisely and confirm previous as- 
sumptions on the nature of the metabolic block in aleaptonuria. Normal 
levels of activity were demonstrated for all but one of the enzymes of the 
tyrosine oxidation system in the liver of an aleaptonuric patient. However, 
with a very sensitive method of assay, no homogentisic acid oxidase activity 
could be detected, even in the presence of glutathione and Fet+. Con- 
sidered together with the inability to demonstrate an inhibitor, these 
findings lead to the conclusion that the disorder is due to the essentially 
complete absence of active homogentisic acid oxidase. Whether this 
defect represents failure to synthesize enzyme protein, or modification of the 
catalytic site on the protein, is still to be determined. The finding that 
maleylacetoacetic acid isomerase is as active in alcaptonuric liver as 
in non-aleaptonuric liver indicates that the synthesis of this enzyme is 
not dependent on the presence of its substrate, since the only known path- 
way for the formation of maleylacetoacetic acid is from homogentisic acid. 

The association of aleaptonuria, a known hereditary disease, with the 
complete absence of activity of a single enzyme follows the pattern of 
other clinical disorders such as galactosemia (15, 16) or phenylketonuria 
(17, 18), and provides further evidence for a relationship in the human 
between individual genes and single enzymes. It would be of interest to 
learn whether a single gene controls the production of a given enzyme 
in several organs, and examination of renal tissue from an alecaptonuric 
patient for homogentisic acid oxidase activity might help to answer this 
question. 
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The pathway of tyrosine oxidation in human liver has been shown here 
to be similar to that of other mammals. This similarity applies also to 
the inability of 2,5-dihydroxyphenyl-pt-alanine and 2,5-dihydroxyphenyl- 
pyruvic acid to give rise to homogentisic acid under conditions in which the 
latter compound is produced from tyrosine or p-hydroxyphenylpyruvic 
acid. Even though feeding these compounds to alcaptonuric subjects 
results in increased excretion of homogentisic acid (19, 20), it is unlikely 
that they are intermediates in tyrosine metabolism. 


SUMMARY 


1. No detectable homogentisic acid oxidase activity was present in 
liver homogenate prepared from an alcaptonuric patient. Evidence is 
presented that the lack of activity was not due to the presence of an in- 
hibitor or the absence of any known cofactor. The defect in alcaptonuria 
appears to be a failure to synthesize active homogentisic acid oxidase. 

2. All of the other enzymes involved in tyrosine oxidation have es- 
sentially the same activity in aleaptonuric and non-alcaptonuric human 
liver. 

3. The sequence of reactions of tyrosine oxidation appears to be the 
same in human liver as in the other mammalian species. 

4, 2,5-Dihydroxyphenylpyruvic acid and 
nine are not oxidized in human liver homogenate preparations, and it is 
unlikely that these compounds are intermediates in the oxidation of tyrosine 
to homogentisic acid. 


We wish to acknowledge the surgical care of the patients provided by 
Mr. Philip R. Allison, Nuffield Professor of Surgery, Oxford, England, 
and Dr. Andrew G. Morrow, Chief, Clinic of Surgery, National Heart 
Institute, and the medical care provided by Dr. Joseph S. McGuire and 
Dr. Ted Clemens, Jr., Clinical Associates of the National Institute of 
Arthritis and Metabolic Diseases. 
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STUDIES ON CARBOHYDRATE METABOLISM IN SCORBUTIC 
GUINEA PIGS* 
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. AND H. DEVENDRA SINGH 


(From the Department of Physiology, Presidency College, Calcutta, India) 
(Received for publication, July 29, 1957) 


Scurvy is associated with disturbed carbohydrate metabolism. A 
diminished glucose tolerance has been observed by several workers in 
scorbutic guinea pigs (1-4), in scorbutic monkeys (5), and in human 
subjects with low blood ascorbic acid level (6, 7). Several workers (2, 4, 8) 
have reported a decrease in the liver and muscle glycogen content of 
scorbutic guinea pigs. Banerjee and Ghosh (9) have observed a decreased 
liver and muscle hexokinase activity in scurvy. Lahiri and Banerjee (10) 
have further shown a decreased turnover rate of the phosphorylated 
intermediates of the carbohydrate metabolism in scurvy. Banerjee and his 
coworkers have also observed degenerative changes in the islets of Lan- 
gerhans (11), and diminished insulin content of the pancreas in scurvy (4). 
According to them, the disturbance in carbohydrate metabolism in scurvy 
may be mainly due to diminished insulin production by the pancreas, a 
view not subscribed to by other workers (12, 13). 

At present, there are increasing evidences that insulin is involved in the 
intermediate metabolism of carbohydrates at the level of the Krebs cycle 
(14-19). It is possible that in scurvy there may be a disturbance in 
carbohydrate metabolism at the level of the Krebs cycle, due either to 
diminished insulin production or to the direct effect of the lack of vitamin 
C on the enzyme systems concerned with the oxidation of intermediates 
through the Krebs cycle. 

In the present paper, the effect of injections of insulin on glucose tolerance 
and on liver and muscle glycogen contents in scorbutic guinea pigs is re- 
ported. Asa preliminary study of the metabolism of intermediates through 
the Krebs cycle, the tissue content of a-keto acids and of citric, malic, 
and lactic acids of normal, scorbutic, and insulin-treated scorbutic guinea 
pigs has also been presented. 


EXPERIMENTAL 


Female guinea pigs, weighing from 250 to 300 gm., were fed green grass, 
soaked gram, and the scorbutic diet (20) for 5 to 6 days. Those animals 


* This work was aided by financial grants from the Indian Council of Medical 
Research and the Council of Scientific and Industrial Research, Government of 
India. 
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which grew well on this diet were selected and separated into several 
groups, each group consisting of one normal, one scorbutic, and one insulin- 
treated scorbutic guinea pig. The guinea pigs in each group were fed 
equal amounts of the scorbutic diet. The normal control was fed 5 mg. 
of ascorbic acid daily. All the animals were fed 2 drops of adexolin (Glaxo) 
(vitamins A and D) twice a week. Regular insulin (Lilly) was injected 
subcutaneously into the animal intended for insulin treatment with a dose 
increasing from 0.1 to 0.3 unit per 100 gm. of body weight per day from the 


TABLE I 


Glucose Tolerance Test of Eleven Normal, Eleven Scorbutic, and Eleven Insulin-Treated 
Scorbutic Guinea Pigs 


Blood sugar, mg. per cent 
Animals F — After glucose feeding 
45 min. 90 min. 150 min. 180 min. 
mg. per cent 
Normal...........| 111 4 4.6) 154 4 11.6) 181 4 13.1) 144 4 10.4 123 + 11.0 
Seorbutic.........| 124 + 5.3 | 197 4 17.0, 244 + 18.4 248 + 18.8 227 + 17.6 
Insulin-treated 
seorbutic........; 128 4 4.4 | 226 + 16.8 242 + 18.9 198 + 7.9 161 + 9.8 
Statistical analysis ¢ values 
Animals Fasting | 45 min. | 90 min. | 150 min. | 180 min. 
Between normal and scorbutie............ 1.8 2.0 EF 6.7 5.6 
Between scorbutic and insulin-treated scor- 


beginning of the 2nd week. On the day of the experiment, insulin injection 
was stopped. 

Glucose Tolerance Test and Tissue Glycogen Content—-An oral glucose 
tolerance test was made in the 4th week of the regime with the scorbutic 
diet on eleven groups of animals after they were fasted for 15 to 18 hours. 
Blood was collected from the toe by cutting the nail just distal to the root. 
The animals were killed after the glucose tolerance test and liver and skel- 
etal muscle were removed for the glycogen estimations. The glucose 
tolerance test was also carried out on three normal guinea pigs treated with 
the same dosage of insulin for the same period of time as the insulin-treated 
animals. 
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Blood sugar was estimated by the method of Hagedorn and Jensen (21), 
glycogen was precipitated by the method of Grattan and Jensen (22), 
and the reducing sugar in the hydrolyzed precipitate was determined by 
the method of Hagedorn and Jensen (21). The results of these analyses 
are shown in Tables I, II, and III. 


TABLE II 
Glucose Tolerance Test of Insulin-Treated Normal Guinea Pigs 
Blood sugar in mg. per cent 
Animal No. ~~ ae After glucose feeding 
45 min. 90 min. 150 min. 180 min. 
l 112 232 182 116 110 
2 111 176 150 121 115 
3 116 206 225 184 166 
TABLE III 


Glycogen Content of Tissues of Normal, Scorbutic, and 
Insulin-Treated Scorbutic Guinea Pigs 


Glyeogen is given in terms of glucose equivalent in gm. per 100 gm. of wet tissue. 


9 normal animals 9 scorbutic animals 12 ~~ - scorbutic 
Liver Muscle Liver Muscle Liver Muscle 
2.055 0.697 0.393 0.137 1.349 0.350 

+0.295 +0.133 +0.083 +0.039 +0.181 +0.057 


Statistical analysis ¢ values 


Animals Liver Muscle 


Between normal and seorbutie....................... 
‘* insulin-treated scorbutie...... 
seorbutie and insulin-treated scorbutie....... 


> 
> 


Tissue Content of a-Keto, Citric, Malic, and Lactic Acids—In the 4th 
week of the regime with the scorbutic diet, the guinea pigs were killed by 
a sudden blow on the head. They were decapitated and the tissues were 
immediately removed, wrapped in filter paper to remove the adherent 
blood, and then dropped into weighed beakers containing 10 per cent 
trichloroacetic acid. The beakers were weighed again to obtain the weight 
of the tissues taken. For the estimation of a-keto acids, blood from the 
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neck was collected in a bottle containing iodoacetate in a proportion so as 
to obtain a final concentration of 0.2 per cent. The blood was immediately 
deproteinized by being pipetted into 10 per cent trichloroacetic acid. The 
whole operation required no more than 1 minute. For the estimation of 
citric, malic, and lactic acids, blood was collected without any anticoagulant 
and was immediately deproteinized. Tissues taken for analyses were 
blood, liver, kidney, brain, and cardiac muscle. 

a-Keto acid was estimated by the method of Lardy (23) with sodium 
pyruvate (E. Merck) as the reference standard. Citric acid was deter- 
mined by the method of Speck, Moulder, and Evans (24), malic acid by 
the fluorometric method of Hummel (25), and lactic acid by the method of 
Barker and Summerson (26). The results of these analyses are shown in 
Tables IV, V, VI, and VII. 


DISCUSSION 


Scorbutic guinea pigs showed a highly significant lowered glucose toler- 
ance in comparison with normal controls. Insulin treatment of the 
scorbutic animals did not significantly alter the fasting blood sugar and the 
blood sugar values of samples of blood taken 45 and 90 minutes after the 
feeding of glucose. However, after 150 and 180 minutes there was a 
marked lowering of the elevated blood sugar in the insulin-treated animals 
although the sugar level was still significantly higher than that of the normal 
animal. The peak of the blood sugar value of the scorbutic pig was also 
shifted from the 150th minute period to the 90th minute period after 
glucose was fed under the action of insulin. In this respect it simulated 
the glucose tolerance pattern of normal controls (Table I). 

Glycogen content of the liver and the skeletal muscle diminished in 
scorbutic guinea pigs in comparison with that of the normal controls, and 
the decrease was highly significant statistically. Treatment with insulin 
strikingly improved the glycogen content of the liver and the skeletal 
muscle of the scorbutic guinea pigs, though the values did not reach the 
normal level (Table ITI). 

It was also observed that the dosage of insulin used in these experiments 
did not affect the glucose tolerance of normal guinea pigs (Table II). 

These results indicate that treatment with insulin for a prolonged period 
can correct to a great extent the disturbed carbohydrate metabolism in 
scurvy. 

It is reported that in diabetes there occurs an altered pyruvate metab- 
olism characterized by a high concentration of blood pyruvate (27). This 
defect in pyruvate metabolism has been ascribed to the diminished for- 
mation of cocarboxylase (28). In scurvy, which simulates diabetes in 
many aspects of the carbohydrate metabolism, it was thought that an 
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alteration in the pyruvate metabolism might occur. Table IV shows that, 
except in blood, there was no significant difference in the concentration of 
a-keto acids in the tissues of the scorbutic guinea pigs and of the normal 
controls. As a-keto acids consist of the three keto acids, pyruvic, a-keto- 
glutaric, and oxalacetic acids, any alteration in the tissue content of any 
one of these acids in scurvy cannot be specifically known from the data 
presented. However, it seems reasonable to assume that scurvy is not 
associated with any derangement in the metabolism of a-keto acids. The 
observation that insulin treatment did not affect the tissue content of 


TABLE IV 
a-Keto Acid Content of Tissues of Normal, Scorbutic, and Insulin- 
Treated Scorbutic Guinea Pigs 
The figures in parentheses denote the number of animals. The values are given 
in mg. per 100 gm. of wet tissue. 


Animals Blood Liver Kidney Brain 
Normal (12)..........} 2.84 + 0.20 | 2.26 + 0.33 | 5.48 + 0.36 | 2.53 + 0.39 
Scorbutie (12).........| 3.19 4 0.03 | 2.44 + 0.21 | 5.89 + 0.25 | 2.56 + 0.21 
Insulin-treated —scor- 
butie (10)...........| 2.69 4 0.19 | 2.45 + 0.23 | 5.38 + 0.30 | 2.54 + 0.20 
Statistical analysis ¢ values 
Animals Blood Liver Kidney Brain 
Between normal and scorbutic.......... 4 0.4 0.9 0.06 
“ insulin-treated 
Between scorbutic and insulin-treated 


a-keto acids in scurvy shows that insulin presumably has no effect on their 
utilization. This agrees with the findings of other investigators that 
pancreatic diabetes does not seem to alter pyruvate metabolism (29, 30). 
Foster and Villee (31) have shown that the defect in pyruvate and acetate 
metabolism in alloxan diabetes is not due directly to a lack of insulin but 
rather to a lack of some cofactor which is essential to the oxidation of these 
substances. 

Metabolism of citric acid gives a picture different from that of a-keto 
acids in scurvy. Table V shows an increased content of citric acid in the 
tissues of the scorbutic animals in comparison with that of the normal 
controls. Treatment with insulin brought the level of citric acid to normal. 
This defect in citric acid metabolism may be due either to an accelerated 
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synthesis of citric acid or to the presence of a metabolic block below the 
level of citric acid in the Krebs tricarboxylic acid cycle. The first possi- 
bility is rather remote because so far there is no evidence of an acceleration 
of the reactions leading to citric acid formation in scurvy. It has also 
been observed that under conditions of increased citric acid formation, 
as induced by feeding of butyrate or citrate in normal guinea pigs, there 
is no change in the amount of citric acid excreted in the urine (32). This 
indicates that the excess citric acid is efficiently disposed of if there is no 
defect in the reactions involved in its utilization. The alternative explana- 


TABLE V 
Citric Acid Content of Normal, Scorbutic, and Insulin-Treated Scorbutic 
Guinea Pigs 
The figures in parentheses denote the number of animals. The values are given 
in mg. per 100 gm. of wet tissue. 


Animals Blood Liver Kidney Brain 
Normal (12)..........| 5.08 + 0.30 | 6.47 + 0.26 | 11.27 + 0.59| 7.01 + 0.61 
Scorbutie (12).........| 7.87 + 0.17 |10.65 + 0.57 | 17.96 + 0.85) 12.04 + 0.75 
Insulin-treated scor- 
butie (8)............| 6.88 + 0.70 | 6.18 4 0.382 | 13.97 4 0.92) 7.60 + 0.35 


Statistical analysis ¢ values 


Animals Blood Liver Kidney Brain 
Between normal and scorbutice............. 7 6 6 5 
‘* insulin-treated scor- 
Between scorbutic insulin-treated 


tion is the more probable. Takeda and Hara (32) observed an increased 
urinary excretion of citric acid and ketone bodies in scorbutic guinea pigs 
fed butyrate together with citrate or malate. They ascribed this finding 
to the lowered aconitase activity brought about by the deficiency of ascorbic 
acid which maintains ferrous ions, the cofactor of the enzyme, in the 
reduced state. 

In our experiment, insulin as well corrected the defect in citric acid 
metabolism, possibly by activating the aconitase enzyme and thereby 
facilitating metabolism of citrate. This explanation is at variance with 
that of Takeda and Hara. 

Table VI shows an increased malic acid content of tissues in scorbutic 
guinea pigs in comparison with that of the normal controls. Insulin 


S. BANERJEE, D. K. BISWAS, AND H. D. SINGH 267 


treatment lowered the level of malic acid to normal in blood, liver, and 
cardiac muscle. The increase in malice acid content may be related to the 


TaBLeE VI 
Malic Acid Content of Normal, Scorbutic, and Insulin-Treated Scorbutic 
Guinea Pigs 
The figures in parentheses denote the number of animals. The values are given 
in mg. per 100 gm. of wet tissue. 


Animals Blood Liver Kidney Brain Cardiac muscle 


Normal (8)....|3.42 + 0.34/20.32 + 0.88)12.98 + 0.95)13.43 

Scorbutie (8). .j8.12 + 0.80)26.97 + 2.09/26.60 + 2.11/25.74 

Insulin- 
treated scor- 


butie (6)... ./4.51 + 0.37)17.55 + 2.20 18.24 + 1.24 


+ 1.63)16.93 + 1.91 
+ 1.6724.038 + 1.73 


Statistical analysis ¢ values 


Animals Blood Liver Kidney | Brain ——— 
Between normal scorbutiec....... 5 3 5 5 3:7 
a insulin-treated 
Between secorbutie and insulin-treated 


increased accumulation of citric acid. It has been shown by Stern ef al. 

(33) that the following are reversible reactions. 

I. Acetyl-S-CoA + oxalacetate™ + H,O = citrate= + HS-CoA + H* (condensing 
enzyme) 

Il. L-Malate™ + DPN* = oxalacetate™ + DPNH + H? (malice dehydrogenase) 


Sum: IIT. Acetyl-S-CoA + t-malate= + DPN*+ + citrate= + HS-CoA + 
DPNH + 2H* 


They have further shown that the equilibrium position of Reactions I and 
III is far in the direction of citrate synthesis and that of Reaction II is 
markedly in favor of malate, but when there is an increased amount of 
citrate in the system, the malic dehydrogenase system effectively drives 
Reaction III towards malate formation. In scurvy we have observed an 
increased accumulation of citrate in the tissues. This might have caused 
shifting of the equilibrium position of Reaction III towards malate for- 
mation, resulting in the increased accumulation of malic acid in the tissues. 
This explanation is in harmony with our suggestion that accumulation of 
citrate in the tissues of the scorbutic animals may be due to the presence 


he 

on 

lso 

on, 

pre 

his 

1a- 

| | 

61 

35 

gs 

1g 

he 

id 

y 

h 

ic 

in | 


268 


CARBOHYDRATE METABOLISM IN SCURVY 


of a metabolic block in the tricarboxylic acid cycle below the level of citrate. 
The observation that treatment with insulin lowers the levels of both 
citric and malic acids to normal level supports the conclusion that lack of 
insulin is an important factor in the carbohydrate metabolic derangement 
in scurvy. 

Table VII shows a greatly increased lactic acid content of the tissues of 
scorbutic guinea pigs in comparison with that of the normal controls. 
Treatment with insulin lowered the lactic acid value even below normal. 
The accumulation of lactic acid in the scorbutic tissues may be due to 
decreased glycogen formation from lactic acid. We have shown that 


TaBLeE VII 


Lactic Acid Content of Tissues of Normal, Scorbutic, and 
Insulin-Treated Scorbutic Guinea Pigs 
The figures in parentheses denote the number of animals. The values are given 


in mg. per 100 gm. of wet tissue. 


Animals Blood Liver Kidney Brain 
Normal (10). 94 + 4.5) 142 + 6.9 | 228 + 16.0 173 + 8.6 
Scorbutie (10) .. 204 + 15.9 | 223 + 8.4 | 366 + 17.9 | 251 + 11.9 
Insulin-treated (8) 55+ 5.0; 96 + 1.7/|170 + 109 + 4.6 
Statistical analysis ¢ values 
Animals Blood Liver Kidney Brain 
Between normal and scorbutic.. 16 7 5 5 
insulin- 6 6 6 2.4 
scorbutic and insulin-treated scor- 


liver and muscle glycogen values were greatly reduced in scurvy and that 
prolonged treatment with insulin strikingly improved the glycogen content 
of the liver and muscle. It is, therefore, possible that glycogenesis is 
reduced in scurvy owing to the lack of insulin, and that exogenous insulin 
effectively promotes glycogen formation from several sources such as 
lactic acid. 

It has been observed that neither adrenal medulla (34) nor thyroid (35) 
is concerned with the disturbed carbohydrate metabolism in scurvy. 
The activity of the adrenal cortex in scurvy seems not to be a specific 
function of vitamin C deficiency (36) and, as such, its relationship with 
the deranged carbohydrate metabolism is not clear. Bacchus and Heiffer 


(12), however, have shown that adrenalectomy has no effect on the typical 
pattern of carbohydrate metabolism in scurvy. 
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cells (11) and decreased insulin content of the pancreas (4) seem to suggest 
that diminished insulin formation may be an important factor in the ab- 
normal carbohydrate metabolism in scurvy. In view of the possibility 
that prolonged insulin deficiency may affect enzyme systems quantitatively 
and qualitatively, insulin treatment has been carried on in these experi- 
ments for a prolonged period with increasing doses. The ineffectiveness of 
insulin injection in improving carbohydrate metabolism, as observed by 
Bacchus and Heiffer (12) and by Murray (13), may be due to the fact that 
these workers used short term insulin injections. In the present study, 
it has been observed that both glucose tolerance and glycogenesis in scurvy 
are improved to a great extent by prolonged insulin treatment and it is 
concluded that insulin deficiency is a major cause of the abnormal car- 
bohydrate metabolism in scurvy. The foregoing studies in the tricarbox- 
ylic acid cycle metabolism support this view and also agree with the sug- 
gestion of other workers that insulin is involved in metabolism at the level 
of the Krebs cycle. 


SUMMARY 


1. Glucose tolerance is lowered in scorbutic guinea pigs and is improved 
by prolonged treatment with insulin. 

2. Liver and muscle glycogen levels are greatly decreased in scorbutic 
guinea pigs. Striking improvement of the glycogen values is observed 
in scorbutic guinea pigs treated with insulin for a prolonged period of time. 

3. Except in blood, tissue content of a-keto acids does not change in 
the normal, scorbutic, and insulin-treated scorbutic guinea pigs. 

4. Tissue content of citric, malic, and lactic acids is significantly increased 
in scorbutic guinea pigs. Treatment of the scorbutic animals with insulin 
for a prolonged period of time lowers the tissue content of these acids to 
the normal level. 

5. The significance of these results in relation to the role of insulin in 
the abnormal carbohydrate metabolism in scurvy and in the Krebs tri- 
carboxylic acid cycle metabolism has been discussed. 
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THE ROLE OF POLYGLUTAMYL PTERIDINE 
COENZYMES IN SERINE METABOLISM 


III. THE ENZYMATIC FORMATION OF DIHYDROFOLIC ACID 
AND DIHYDROTEROPTERIN* 


By BARBARA E. WRIGHT, MINNIE L. ANDERSON, 
AND EMERY C. HERMAN 


(From the Section on Enzymes of the Laboratory of Cellular Physiology, 
National Heart Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, April 17, 1957) 


Previous publications have dealt with an enzyme system prepared from 
Clostridium sticklandii (formerly called Clostridium HF) that catalyzes the 
conversion of serine to glycine and formate (2-4). This conversion was 
shown to depend upon anaerobic conditions, diphosphopyridine nucleotide 
(DPN),! Mn*-, pyridoxal phosphate, orthophosphate, and any one of a 
number of polyglutamyl pteridines obtained from boiled extracts of 
Clostridium cylindrosporum (4, 5). When one of the polyglutamates 
isolated was found to be identical with teropterin (pteroyldiglutamyl- 
glutamic acid), experiments were initiated with substrate levels of this 
compound, in the hope of observing formation of some pteridine inter- 
mediate essential to the cleavage of serine. When incubated with serine, 
orthophosphate, and extracts of C. sticklandii, teropterin disappears. 
Paper chromatograms of reaction mixtures examined in ultraviolet light 
revealed the presence of a blue fluorescent compound. This new pterin 
has been identified as dihydroteropterin. Its formation in more purified 
enzyme systems depends also upon CoASH and a sulfhydryl compound 
such as dimercaptopropanol. This paper gives evidence for the identifica- 
tion of dihydroteropterin and dihydrofolic acid and describes the partial 
purification of the enzyme system involved in their formation. 

The reaction is not specific for polyglutamates, although only the 
polyglutamates are considered to function catalytically in vivo (4). In the 
present studies, teropterin and folic acid are interchangeable; folic acid is 
used in most of the experiments reported here because of its commercial 
availability. 

* A preliminary report of this work has been given (1). 

1 The abbreviations used in this paper are DPN, diphosphopyridine nucleotide; 
TerH:, dihydroteropterin; FAH:, dihydrofolic acid; BAL, 2,3-dimercaptopropanol; 
CoA, coenzyme A; CoASH, reduced coenzyme A; TCA, trichloroacetic acid; Tris, 
Pi, orthophosphate; TPN, triphosphopyridine 
nucleotide. 
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Materials and Methods 


Materials—The conditions for growing C. sticklandii have been described 
(3). Extracts at pH 7.4 in 0.01 m Tris buffer were prepared from the wet 
cells, after one washing, in a Raytheon sonic oscillator model DF 101, 10 ke. 
The cell debris was centrifuged at 20,000 X g for 30 minutes and discarded. 
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Fig. 1. Spectral characteristics of folic acid (FA), synthetic FAH, and enzy- 
matically formed FAH,. The complete system contained folic acid 0.37 umole, 
serine 1.0 umole, BAL 0.2 umole, CoA 0.2 umole, enzyme protein 1.3 mg., and 20.0 
umoles of phosphate buffer, pH 6.5, in a total volume of 0.40 ml. Samples are in- 
cubated anaerobically for 2.0 hours at 38°. 0.1 ml. aliquots were used in 3.0 ml. 
cuvettes at pH 11, to obtain these spectra, with a Cary recording spectrophotometer. 
The complete system was run against a sample without pterin in the reference cu- 
vette. The sample without serine (giving the folic acid spectrum) was run against 
a sample with neither serine nor pterin. The spectrum of synthetic FAH; is in- 
cluded for comparison. 


The clear supernatant solution was the starting material for the purification 
steps to be described below. 

Teropterin, N-formylglycine, aminomalonic acid, and formiminoglycine 
were gifts from Dr. H. P. Broquist, Dr. A. Mehler, Dr. P. T. Condit, and 
Dr. J. C. Rabinowitz, respectively. Dr. M. Silverman kindly supplied N?*- 
formylfolic acid and anhydroleucovorin. 

Methods—Protein concentration was determined from the absorption at 
280 mu to 260 my (6). Tetrahydrofolic acid was prepared from folic 
acid by catalytic hydrogenation (7). Dihydrofolic acid was prepared 
by the method of O’Dell e¢ al. (8) and of Futterman (9). 

Although folic acid and teropterin are non-fluorescent in ultraviolet 
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light, their dihydro derivatives are strongly fluorescent compounds. More- 
over, upon treatment with acid, FAH, and TerH: are converted to products 
which absorb strongly at 420 my, whereas with similar treatment folic 
acid and teropterin have negligible absorption. Accordingly, specific 
quantitative determinations of FAH2 and TerH:z in the presence of their 
oxidized derivatives can be obtained by fluorometric analysis or by spectro- 
photometric measurement of acidified samples at 420 my. A typical 
experiment is carried out as follows: After incubation of each sample under 
hydrogen in stoppered, small test tubes (10 mm. in diameter), the reaction 
is stopped by the addition of 1 ml. of 95 per cent ethanol. After the 
contents are mixed, the tubes are centrifuged at about 3000 X g for 5 
minutes. 0.05 ml. of the supernatant solution is transferred to 2.0 ml. of 
water in another small test tube, mixed, and placed in boiling water for 
15 minutes. After cooling, fluorometric readings are made in an Aminco 
photomultiplier microphotometer. The incident light is 365 my, and the 
secondary filter No. 3384, for the emitted fluorescence is yellow. To the 
remainder of the ethanol supernatant solution, 0.2 ml. of 10 per cent TCA 
is added. Shortly after this addition, a yellow color appears and reaches a 
maximum after about 30 minutes. The contents of each tube are then 
transferred to 1.0 ml. quartz cuvettes and read at 420 mu. The yellow 
color is transient and disappears after about 6 hours. Synthetic and 
enzymatically formed FAH: behaved identically in this assay system. 
Fig. 1 demonstrates that the conversion of folic acid to FAH2 may also be 
followed by measuring the decrease in optical density at 365 my at alkaline 
pH; the molecular extinction for folic acid or teropterin is 9000 under these 
conditions. Disappearance of the oxidized pterin is measured by removing 
0.04 ml. of each sample after incubation, diluting it to 1.0 ml. in 0.1 N 
NaOH, and reading at 365 mu. 


EXPERIMENTAL 


Enzyme Purification—The data summarizing the various steps to be 
described are given in Table I. To 242 ml. of a C. sticklandii extract, in 
0.01 m Tris buffer (pH 7.4), were added 20 ml. of protamine sulfate solution 
(20 mg. per ml.); the precipitate was discarded. Solid ammonium sulfate 
was added to the supernatant solution at 0°, and the protein precipitating 
between 20 and 65 per cent ammonium sulfate saturation was taken up 
in 0.01 m Tris, pH 7.4, and dialyzed overnight against 0.02 m Tris, pH 7.4. 
To this solution (264 ml.) were added 84 ml. of 0.1 m sodium acetate buffer, 
pH 4.0. After 10 minutes equilibration and subsequent centrifugation, 
the precipitate was discarded, and to the supernatant solution were added 
30 ml. of the same buffer. The resultant precipitate was also discarded, 
and the supernatant solution was treated with successive additions of 
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Al(OH); gel (25 mg. per ml.); 88.0 ml., 105 ml., and 220 ml., respectively, 
The first two gel precipitates were discarded. The third gel precipitate 
contained the activity which was eluted with 0.1 m phosphate or citrate 
buffer, pH 6.5. This is the type of enzyme preparation used, unless stated 
otherwise. The gel step of the procedure outlined above is subject to 
slight variations with different batches of enzyme. After the acetate 
buffer step, the enzyme can survive only short periods of dialysis. 

The crude enzyme shows requirements for any one of a number of 
oxidizable substrates (e.g. serine), an oxidized unsubstituted pterin, and 
orthophosphate. Upon precipitation with acid (pH 4.0), the enzyme 
preparation separated into supernatant and precipitate fractions, both of 


TABLE I 
Purification of Enzyme System 
Enzyme preparation Units per ml. | Total units | Protein per ml. a 
mg. 
Emitial extract................. 53.5 13,000 145.0 3.7 
Protamine supernatant. ....... 53.5 12,100 125.0 4.3 
Ammonium sulfate............ 22.7 6,050 43.8 5.3 
Acid supernatant. ............. 10.2 2,900 9.6 10.8 


1 unit = an amount of enzyme required to produce a decrease in optical density 
of 0.01 at 365 my, pH 11, after 1 hour’s incubation at 38°, in the presence of 0.3 umole 
of folic acid or teropterin, 20.0 wmoles of K phosphate, pH 6.5, 0.05 umole of BAL, 
a crude preparation of CoA in catalytic amounts, and from 1.0 to 20 wzmoles of serine, 
depending on the enzyme preparation. 


which were necessary for FAH: formation. The precipitate fraction could 
be replaced by BAL. Also at this stage of purification a stimulation 
by boiled yeast extract was often observed; after the gel step this require- 
ment usually became absolute. The factor from yeast extract was identi- 
fied as CoASH. With the partially purified enzyme preparation, the 
amount of oxidizable substrate required to saturate the system for FAH: 
formation was less than 0.1 that required by the crude extracts. Only as 
a result of partially purifying the enzyme system was it possible to clarify 
the nature of the reaction under investigation. The partially purified 
enzyme required an electron donor such as pyruvate or serine, CoASH, 
BAL, orthophosphate, and either folic acid or teropterin. 

Requirements for Dihydropterin Formation—A comparison of the active 
oxidizable substrates in order of decreasing activity is given in Table II. 
Since pyruvate and a-ketobutyrate are the most active, the possibility 
exists that serine, cysteine, methionine, and threonine are converted to 
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these keto acids. Substrates which were found to be inactive are alanine, 
glutamate, aminomalonate, homocysteine, glucose, cystathionine, lactate, 
glycerate, glyoxylate, acetate, a-ketoglutarate, ketomalonate, formate 


TaBLeE II 
Comparative Activities of Electron Donors for Reduction of Folic Acid 

Substrates 420 my* 
Cysteine........... 0.273 


Conditions: All substrates were in a concentration of 0.4 umole in 0.4 ml. of total 
volume. The samples were incubated only 30 minutes in order to obtain maximal 
differences between the various electron donors. Each sample contained folie acid 
0.37 umole, BAL 0.2 umole, protein 1.8 mg., and 20 umoles of phosphate buffer, pH 


6.5. 
* Read after 30 minutes at acid pH (see ‘‘Methods’’). 
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Fic. 2. The formation of TerH: as a function of teropterin concentration. Sam- 
ples were incubated anaerobically in the presence of 1.4 mg. of protein (ammonium 
sulfate step, dialyzed), 1.0 umole of serine, and 20.0 umoles of phosphate buffer, pH 
6.5, in a total volume of 0.4 ml. 


plus glycine, formaldehyde plus glycine, histidine, hydroxyaspartate, 
formiminoglycine, serine phosphate, and N-formylglycine. 

Fig. 2 shows TerH:2 formation as a function of teropterin concentration 
measured both fluorometrically and by the increase in optical density at 
420 mu at acid pH. Only teropterin and folic acid give rise to their dihydro 
derivatives in this system. The following related pterins were found to 
be inactive: N'!°-formyldiglutamylfolic acid (Co C VII),? N*-formyldi- 


? Isolated from boiled extracts of C. cylindrosporum (4, 5, 10). 
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glutamyltetrahydrofolic acid (Co C I), diglutamyltetrahydrofolic acid, 
N"°-formylfolic acid, N*-formyltetrahydrofolic acid, tetrahydrofolic acid, 
and anhydroleucovorin. 

The CoASH requirement, as well as the activity of pyruvate as an 
electron donor, suggested the possibility of an oxidation of pyruvate to 
acetyl SCoA and CO: coupled with the transfer of 2 electrons to teropterin 
or folic acid to form the dihydro derivatives. In support of this mechanism 
dihydropterin formation was found to be associated with a stoichiometric 
increase in acetyl SCoA and COz formation (1). Through the formation of 
acetyl phosphate, orthophosphate could regenerate CoASH when present 


TaBLeE III 
Role of Orthophosphate in FAH, Formation 


Special conditions 

FAH:2* 

Buffer Omitted CoA 
pmoles pmole 


Conditions: The complete system contained pyruvate 2.0 umoles, BAL 2.0 umoles, 
teropterin 0.5 umole, and 1.6 mg. of protein. Buffers as indicated were present at 
pH 6.5 in a concentration of 20.0 umoles in a total volume of 0.4 ml. Samples were 
incubated anaerobically for 45 minutes at 38°. 

* Calculated from the decrease in optical density at 365 my, pH 11.0. 


in catalytic amounts, mediated by phosphotransacetylase (13). Thus 
substrate levels of CoASH should render orthophosphate unnecessary for 
dihydropterin formation. Table III shows that in the absence of ortho- 
phosphate TerH: formation can proceed only to the extent of the con- 
centration of CoASH present and, in the presence of orthophosphate, 
CoASH acts catalytically. It is also apparent that BAL is not required 
with substrate levels of CoASH, whereas the reaction is completely de- 
pendent upon BAL when catalytic concentrations of CoASH are present. 


3 It is now known that the enzyme systems catalyzing serine cleavage had not 
been prepared in such a way as to reveal a sulfhydryl or CoASH requirement. In 
this connection, J. Szulmajster has observed a CoASH and orthophosphate require- 
ment in a reaction involving the cleavage of serine to glycine during methionine 
formation (personal communication; see also Szulmajster and Woods (11)). 

Complete stoichiometry for this reaction will be presented elsewhere (12). 
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Therefore, the BAL is probably required for the purpose of maintaining 
catalytic amounts of CoASH. It is clear from these data that the real 
requirements for dihydropterin formation consist only of CoASH and an 
electron donor such as pyruvate. 

Spectral Characteristics of Dihydropterin—Fig. 1 shows that incubation 
of the enzyme with folic acid results in its conversion to a compound with 
spectral characteristics identical to synthetic FAH». The spectral charac- 
teristics of enzymatically formed FAH: are very similar to those given by 
O’Dell et al. for synthetic FAH: (8). Enzymatically formed FAH, exhibits 
the expected maximum at 284 my, minimum at 253 my, and a 280:340 
mu ratio of 3.0; conversion of folic acid to FAH: also results in the expected 
isosbestic points. The molecular extinctions of folic acid and FAH: at 
284 my are 25,200 and 22,600, respectively. 

Synthetic FAH: appears to be stable in the anaerobic enzyme system, 
even in the presence of relatively crude enzyme. The spectrum of FAH: 
formed from folic acid after 2 hours incubation period was compared to 
synthetic FAH» which was also incubated for 2 hours, in the presence of 
the electron donor (in this case, serine). (If synthetic FAH: is incubated 
in the absence of the electron donor, it is degraded to a yellow breakdown 
product.) The 280 mz to 340 my ratio of the enzymatic product was 
3.00, and that of the synthetic product was 3.17. 

Chromatographic Evidence for Identity of Product—As mentioned earlier, 
synthetic FAH». behaved identically with the enzymatically formed prod- 
uct toward acid (Fig. 3). 

Dihydropterins are stable under completely anaerobic conditions. 
After enzymatic formation of FAHz2, for example, it is possible to depro- 
teinize by boiling, prior to allowing air into the system, without affecting 
the characteristics of the reduced pterin. 

Enzymatically formed FAH: was compared to synthetic FAH: in three 
solvent systems, in the presence of He and ascorbic acid, and found to 
have similar Rr values. The same was true for the respective yellow degra- 
dation products. Under these conditions, freshly prepared FAH» (which 
has a bright blue fluorescence) degrades to the yellow compound only 
slightly during chromatography. The FR, data are given in Table IV. 

Can Reduced Product Be FAH,?—Since FAH, has been observed as a 
product of enzymatic folic acid reduction (14-16), its properties have been 
carefully compared to FAH2. (a) Although the spectrum of FAH,, like 
FAH>2, has only one maximum at 284 muy, its molecular extinction is 
lower (about 18,000). It has no isosbestic points with folic acid (8), 
and its 280 my to 340 mu ratio is 5.5 (7). (b) A comparison of synthetic 
FAH. and FAH, at comparable concentrations showed that the latter 
gave only 7.2 per cent of the color (read at 420 my) of the former at acid 
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pH. (c) FAH: does not give the same product as FAH, when formylated 
enzymatically. 


1.000F 
> .800-r 
oO 
> .600 
400+ 
J © ENZ. FAHs 7 
.200 SYN. - 
7 
8.0 16 24 


TIME, MINUTES 


Fic. 3. The acid degradation product of synthetic and enzymatically formed 
FAH,. The complete system contained folic acid 0.37 umole, serine 4.0 umoles, 
BAL 0.2 umole, 2.2 mg. of protein; phosphate buffer, pH 6.5, 30.0 umoles in 0.4 ml.; 
incubated anaerobically 2.0 hours at 38°. A control sample with no pterin was alee 
incubated, and to it was then added 0.37 umole of synthetic FAHe2, based on a molec- 
ular extinction of 22,600. Subsequent tothe addition of ethanol and acid, the optical 
density at 420 mu was followed with time (see ‘‘Methods’’). 


TABLE IV 
Chromatographic Comparison of Synthetic and Enzymatic FAH, 
Rp value in solvent systems* 
Pterin 
(pH 45) ethanol 1:1| pyridine 1: 0.1 
Synthetic FAH2.. 0.26 0.17 0.15 
Knzymatically formed FAH. 0.26 0.17 0.14 
Degraded, synthetic FAH:..... 0.43 0.65 0.21 
9 enzymatically formed 


* Each solvent contained 0.2 per cent ascorbic acid. The jars were hydrogenated 
after placement of the paper. 


Enzymatic Formylation of FAH ,and FAH,—In the presence of a suitable 
formyl] donor system, FAH, is formylated enzymatically in the N’® position 
(17). Upon acidification, this compound is converted to a N*-, N!°-imid- 
azolinium derivative which can be quantitatively estimated by measuring 
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the optical density at 355 my. Since the latter derivative is not formed 
from FAH: formylated in the N” position (7), this assay can be used to 
distinguish between FAH: and FAH,. The results of a typical experi- 
ment comparing the formylation properties of synthetic FAH: and FAH, 
to enzymatically formed TerH: are given in Table V. Serine served as 
the formyl donor, and a crude enzyme preparation of C. sticklandii was 
the source of the formylation enzyme. Experiments with folic acid gave 
comparable results. For each of the three pterins, the blank value sub- 
tracted was that given by a similar sample with no serine. It can be seen 
that TerH2, which is formed in this system, behaves like FAH: and unlike 


TABLE V 
Enzymatic Formylation of Reduced Pterins 
Pterin present ACF* 
umole 


Complete system: The synthetic pterins were present at concentrations of 0.60 
umole and teropterin at 0.30 umole, since it all represented the naturally occurring 
enantiomorph. Other components were serine 10.0 ymoles, adenosine triphosphate 
2.0 umoles; phosphate buffer 20.0 uzmoles, pH 6.5, and enzyme protein 2.3 mg., incu- 
bated for 2 hours at 38° in a total volume of 0.5 ml. 

* Based on the change in the molecular extinction value of 22,000 between FAH, 
and anhydrocitrovorum factor readings at 355 mu were made after 25 minutes in- 
cubation of each sample at room temperature in the presence of TCA and ascorbic 
acid (15). 


FAH,. The slight, apparent activity for the TerH2 sample is due to the 
presence of the yellow degradation product, the formation of which is not 
completely inhibited by the ascorbic acid. 

Can FAH, Be Formed in System?—Because TPNH or DPNH is 
involved in many systems reducing folic acid to the tetrahydro level 
(14-16), these electron carriers were often tested in the present system. 
They were unable to replace serine as electron donor. The DPNH- and 
TPNH-generating systems were shown to be active under the experimental 
conditions employed; strictly comparable results were obtained when the 
isocitrate dehydrogenase system was used to generate TPNH. In the 
presence of serine, the DPNH- and TPNH-generating systems did not 
decrease formation of FAH», as indicated by formation of the yellow 
degradation product. This is further evidence that FAH, cannot be 
formed. 
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DISCUSSION 


O’Dell et al., in 1947, studied the chemical reduction of folic acid to 
dihydrofolic acid because of its similarity to riboflavin reduction. Since 
the latter was known to function in oxidation-reduction enzyme systems, 
they reasoned that pterin oxidation-reduction may play an analogous role, 

Previously examined enzymatic systems that reduce folic acid all appar- 
ently have formed the tetrahydro derivative (14-16). Although FAH, 
was presumed to be intermediate in FAH, formation, these investigations 


were not designed to permit ready detection of FAHe, should any have been | 
formed; the assay systems employed were based on measurement of the } 


stable, formylated FAH 4. 

The present studies constitute the first direct evidence for the enzymatic 
formation of FAH:. It is yet to be determined whether the requirements 
for dihydropterin formation described herein (7.e. CoASH, Pi, BAL) 
are also involved in FAH, formation. The present system appears unique, 
however, in its accumulation of dihydropterins and its inability to form the 
tetrahydro derivatives. 

In all probability, the activity of serine in this system is due to its 


conversion to pyruvate, which is the immediate electron donor. The | 


requirements of serine, orthophosphate, and teropterin are common to 
TerH, formation and to the cleavage of serine to glycine (4). Reduced 
pterins are essential to 1-carbon transfer reactions, suggesting that TerH: 
formation is a necessary precursor to serine cleavage. Thus serine would 
serve two functions: first, as a source of pyruvate, which in turn acts as 
electron donor for TerH2 formation, and second, as the substrate for the 
pterin-catalyzed formation of glycine and a 1-carbon fragment. Ortho- 
phosphate is needed for the reduction reaction, but not necessarily for the 
cleavage reaction. However, this requirement also exists when glycine 
formation is catalyzed by catalytic amounts of reduced, formylated poly- 
glutamyl] pteridines (4), suggesting that oxidation and reduction of the 
coenzyme could be involved in its role as catalyst for serine cleavage. 


SUMMARY 


Partial purification of an enzyme system that forms the dihydro de- 
rivatives of folic acid or teropterin is described. The requirements for 
this reaction consist of an electron donor such as pyruvate or a-keto- 
butyrate, a dithiol such as dimercaptopropanol (BAL), orthophosphate, 
and reduced coenzyme A (CoASH). The requirements for BAL and 
orthophosphate can be replaced by substrate levels of CoASH. En- 
zymatically formed dihydrofolic acid was identified as such by comparison 


‘The partially purified Co C used in this experiment contained predominantly 
tri- and heptaglutamy] citrovorum factor derivatives (5). 
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to the synthetic material with respect to spectral characteristics, degrada- 
tion products, enzymatic properties, and chromatographic behavior. 


Under the conditions tested, this enzyme system does not form tetra- 


hydropterin derivatives, even in the presence of systems that generate 
reduced di- or triphosphopyridine nucleotides. 
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KINETICS OF PAPAIN ACTION 
II. EFFECT OF pH ON HYDROLYSIS OF THREE SUBSTRATES* 


By EMIL L. SMITH, VIRGINIA J. CHAVRE, anp M. J. PARKER 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and 
the Departments of Biological Chemistry and Medicine, University 
of Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, June 7, 1957) 


The kinetics of hydrolysis of benzoyl-L-argininamide (BAA)! by crystal- 
line papain can be described in terms of the conventional formulation 


ky ko 


ES 


E+S 


where K,, = (ko + k_1)/k; (1). The results are consistent with the inter- 
pretation that ko>> k_, and hence that Kn = ko/k:. From the data which 
were obtained for K,, and ko as a function of pH at various temperatures, 
values of k,; were calculated. The variation of k; with pH for BAA is in 
accord with the view that an ionized carboxyl group and an un-ionized 
thiol group are essential for maximal activity of the enzyme. At 38°, the 
approximate pK’ values are 3.9 and 8.2. Inasmuch as papain is a thiol 
enzyme, the finding that a thiol group participates in the reaction step 
governed by k, is of considerable importance in attempting to understand 
the mechanism of reaction of this enzyme. The additional information 
that an ionized carboxyl group is involved in this step suggests that this 
group also interacts with the substrate and hence must be near the essential 
thiol group. 

Because the data which were obtained with BAA are rather limited in the 
regions of critical variation of k; with pH and because it is obviously de- 
sirable to ascertain whether these findings are general, the present study 
was undertaken. In this report we shall present kinetic studies of the 
hydrolysis of CHA, which possesses an ionizable imidazole group in the 
neutral pH range, of BGA, which is a neutral substance, and of CGG, which 
has an ionizable carboxyl group. The structure of these substances differs 


* This investigation was aided by research grants from the National Institutes of 
Health, Public Health Service, from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council, and from the 
Rockfeller Foundation. 

1The following abbreviations are used: BAA, a-benzoyl-L-argininamide; CHA, 
carbobenzoxy-t-histidinamide; BGA, hippurylamide (benzoylglycinamide); CGG, 
carbobenzoxyglycylglycine; BAL, 2,3-dimercaptopropanol; S, initial substrate con- 
centration; V, initial velocity. 
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considerably from that of BAA. In each instance, constants were deter- 


mined over a broad pH range and, for two of the substrates, at both 38° f 


and 61.5°, in order to estimate the apparent heat of ionization (AH) of the 
groups involved. 


EXPERIMENTAL 


CHA was prepared from the corresponding azide essentially as previously 
described (2). The amide was crystallized three times from hot water. 
Chromatography on Whatman No. 4 paper with n-butanol-acetic acid- 
water (200:30:75 v/v) gave only one spot with the Pauly reagent 
(Ry = 0.74) and no detectable ninhydrin-reactive substances. BGA (3) 
and CGG (4) were recrystallized at least twice and gave no detectable 
ninhydrin color. Crystalline mercuripapain was prepared from commer. 
cial dried papaya latex by the method of Kimmel and Smith (5). 

Hydrolysis was measured by the ninhydrin method of Moore and Stein 
(6).2 The procedures, calibrations, and calculations were performed essen- 
tially as described earlier (1). BAL was used as the activating agent and 
the studies were made at an ionic strength near 0.3, where velocity is maxi- 
mal (1). In the present investigation, acetate, phosphate, and borate 
buffers were used since there is little effect of temperature on the pH of 
such buffers. Control determinations were made at 38° with BAA as 
substrate at pH 5.2 in order to estimate active enzyme concentration (1). 
Initial velocities were estimated as described earlier and the values of 
K,, and ko were calculated by a method of least squares (1). sk; was esti- 
mated from the relationship, kj = ko/Km (Procedure A). 

The solubility of CHA varies with the pH values. At lower pH values, 
it was possible to measure initial velocity at substrate concentrations from 
0.01 to0.06m. Above pH 6.3, K,, is greater than 0.1 M and it was impossi- 
ble, therefore, to estimate K,, with any precision. However, on the as- 
sumption that k} = ko/K,,, the intercept of a plot of S/V versus S is equal 
to 1/k;. Determination of several values of V at low S permits estimation 
of the intercept with good precision even when K,, is indeterminate, and 
hence permits calculation of k; (Procedure B). In fact, at values of S, 
which are very low with respect to K,,, the conventional plot of S/V versus 
S yields horizontal lines which render determination of the average value 


2 It may be noted that in the present study and in an earlier one (1) the older 
ninhydrin reagent which contains stannous chloride has been used (6). When ali- 
quots of the reaction mixture are added to this reagent, the papain is inactivated 
instantaneously, presumably because stannous ion reacts with the sulfhydryl groups 
of BAL and enzyme. When the newer ninhydrin reagent (7) was tested, it was ob- 
served that the enzyme was only slowly inactivated and hydrolysis continued in the 
diluted samples. It is obvious that the newer ninhydrin reagent is unsuitable for 
kinetic investigations with papain. 
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- — of the intercept at zero S rather precise. This is to be expected from 
theory, since, at a very low S (with respect to K,,), V is essentially a linear 


function of S. 

This procedure, as mentioned, had to be used with CHA to obtain values 
of k, above pH 7. It also had to be employed with CGG at pH 8 and 
above because K,, is very high. With BGA, this device for determining 
k, was used over the entire pH range since the sparing solubility of this 
substrate in aqueous media and its high K,, value (1) rendered the deter- 
mination of K,, somewhat uncertain. As will be shown below, values of 
k, calculated from the ratio, ko/Km, (Procedure A) or as estimated by the 


intercept method (Procedure B) gave results which are in essential agree- 


ment. 


Results 


Carbobenzoxy-L-histidinamide—Values for K,», as a function of pH for 


this substrate at both 38° and 61.5° are shown in Fig. 1. It is evident 


that K,, is at a minimum near pH 5.2 at both temperatures. In Fig. 2 
are shown the results for ko; the form of the curve is the same at both tem- 
peratures. Although ko could not be determined at higher pH values for 
the reasons already noted, it is likely that the optimal values for kp are near 
pH 6.5 to 7.0, since this is the optimal region for the hydrolysis of BAA at 
this temperature. 

Fig. 3 shows the values of k; computed on the assumption that it is equal 
to ko/Km. In order to compare the curves, the data at both temperatures 
have been plotted on the basis of the maximal values being equal to 100. 
In each instance, the several points in the region of pH 5.5 to 6.6 were 
averaged to estimate the maximal value at each temperature. 

It is evident that the variation of k, with pH is similar at both tempera- 
tures. In each case, the curve drawn on either side of the maximum is the 
theoretical titration curve derived from the mass-law equation, 
pH = pK’ + log (x/a — x), where z is k; at a specific pH and a is the maxi- 
mal k;. On the acid side of the optimum, the curve has been fitted by 
eye for the data at 38°. The apparent pK’ value is 4.33. The data for 
61.5° do not deviate significantly from the curve drawn and it may be 
estimated that the heat of ionization of the group being titrated is less than 
1 kilocalorie. As in the case of BAA, the results are in accord with the 
interpretation that the group involved is a carboxy] group, and that maxi- 
mal values of k; depend upon the presence of this group in the ionized state. 

The alkaline limbs of the curves for 61.5° and 38° are clearly displaced 
from one another. As already noted (1), the apparent pK’ values agree 
with those expected for a thiol group. From the shift in pK’ with tempera- 
ture, the apparent AH at 0° has been calculated to be +4.4 kilocalories per 
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mole. The very limited data with BAA gave a value of +9.5 kilocalori 
per mole at 0°. The data with CHA are more extensive and more preciy} 
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Fic. 1. Km» as a function of pH at two temperatures for the hydrolysis of earbo- 


benzoxy-L-histidinamide. 


(38) 
4 


Ol 


ko~SECONDS™! 


(61.5°) 


Fig. 2. ko as a function of pH for hydrolysis of carbobenzoxy-.-histidinamide 


in the critical pH region and we believe that the lower value for AH should 
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with estimated AH values for a thiol group (8). In any case, it is striking 
that with BAA, which has no titratable groups in the middle of the pH 
range, and with CHA, which has the titratable imidazole group in this 
range, the variation of k, with pH and the apparent pK’ values are very 


similar. 


Benzoylglycinamide—With this sparingly soluble substrate, only Proced- 
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pH 

Fig. 3. Calculated values of k; as a function of pH for hydrolysis of carbobenzoxy- 
L-histidinamide. Open symbols were obtained from the relationship, ki = ko/Km. 
Solid symbols represent values obtained by Procedure B. The curves drawn are 
theoretical as calculated from the mass-law equation for single titratable groups. 
Relative k,; values are given also in order to compare the data at the two tempera- 
tures. The maximal average value for k; at 38° is 31 mole~! sec.~'; at 61.5°, average 
ky at maximum is 88 mole! sec.~!. 


ure B could be used for the estimation of 4; at different pH values. The 
values plotted in Fig. 4 are given relative to the average optimal values 
taken as 100 at each temperature. It is evident that the general form of 
the curves at both temperatures is essentially the same as those found with 
CHA (Fig. 3), and the curves drawn are the theoretical ones from the mass- 
law equation for the titration of single ionizable groups. 

It is striking, however, that the effect of temperature appears to be rather 
different here from that in the case of CHA and of BAA (1). The more 
marked effect of temperature is on the acidic side of the optimum. There 
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is only a small apparent effect on the alkaline side and it is in the opposite 
direction, implying a negative AH value. If the interpretation suggested 
for BAA and CHA is correct, it should also apply to BGA. Moreover, 
there are no titratable groups in proteins with pK’ values in this range 
which manifest negative values of AH. It is unlikely that there is any 
systematic experimental error which is involved since the over-all form of 
the data is the same in all cases. If we assume that the values at 38° for 
BGA are correct and we shift the data at 61.5° so as to superimpose the 
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pH 
Fic. 4. Effect of pH on apparent k, for hydrolysis of benzoylglycinamide. The 
data are plotted on the same relative scale for comparison. The curves drawn are 
theoretical titration curves. The average absolute value for maximal k; at 38° is 
3.8 mole sec.~! and at 61.5°, 16.3 mole sec.—!. 


curves for the two temperatures at the acid side, it is now found that the 
alkaline pK’ for 61.5° is displaced to a value of 7.86 which is 0.31 pH unit 
less than the value at 38°. For CHA the actual measured displacement is 
0.30 pH unit, which gives a calculated AH of +4.4 kilocalories per mole. 
The agreement between these values suggests that some artifact is present 
in the estimation of k, by the method described. Unfortunately, the 
limited solubility of BGA does not permit a detailed kinetic analysis with 
this substrate. The over-all form of the apparent k, data as a function of 
pH is certainly in agreement with those for BAA and CHA and, as given 
in Table II, it is evident that the apparent pK’ values at 38° are also con- 
sistent with those for the other substrates studied thus far. 
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Carbobenzoxryglycylglycine —The values for K,, and ko determined for 
this substrate are presented in Table I. Calculated relative values for k, 


TABLE I 
Kinetic Constants for Hydrolysis of Carbobenzoryglycylglycine 
The data were obtained at 38°. Calculated values for k; were obtained by Pro- 
cedure B at pH 8.0 and above. 


pH Buffer ko Km hi 
M liter sec. 
4.66 Acetate 0.075 0.14 0.54 
4.90 = 0.067 0.18 0.37 
5.57 - 0.049 0.15 0.32 
6.11 Phosphate 0.049 0.18 0.27 
6.66 = 0.066 0.23 0.29 
7.22 - 0.083 0.32 0.26 
7.73 sas 0.066 0.31 0.22 
8.00 Borate 0.11 
8.20 0.082 
8.34 0.074 
180 
140 
x 
100 
60 ome 
20 
| | | | 
5 6 7 8 9 
pH 


Fic. 5. Effect of pH on the relative value for k, for the hydrolysis of carboben- 
zoxyglycylglycine. The curve drawn through the alkaline portion of the data is the 
theoretical titration curve for a group having pK’ = 7.98. 


are shown in Fig. 5. For the solid points, k, values were estimated by 
Procedure B. 
It is evident that only the alkaline limb of the data of Fig. 5 resembles 
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the results obtained with the other substrates. This portion of the data 
has been fitted by eye with a titration curve having an apparent pK’ 
value of 7.98. On the acid side, instead of the decreasing values for h, 
below pH 5.5 to 6.0 which were observed with other substrates, the values 
for k, actually show a sharp increase. An interpretation of these results 
is given below. 


DISCUSSION 


Table II presents some of the constants which have been obtained for 
the four papain substrates studied thus far. Although these compounds 
are very different and the absolute values for k; vary over a large range, it 
is striking that the variation of /; as a function of pH is the same for three 


TABLE II 
Constants for Hydrolysis by Papain at 38° 
The data for BAA are from the work of Stockell and Smith (1). The value for k, 
at pH 5.2 for BGA is not maximal (1). The value of ko for CHA is at pH 6.7 and 
may not be maximal. The listed ky for CGG is at pH 7.2. 


Substrate ki pKi’ | pK?’ ko 
mole~) sec.71 
sec.} 

Benzoy]-L-argininamide (BAA).............| 5.0-7.1 | 280 3.9 | 8.2 | 11.0 
Carbobenzoxy-t-histidinamide (CHA)...... 6.2 31 4.0 
Benzoylglycinamide (BGA)..................| 5.9-6.2 3.8 | 3.9) 8.2) 0.6 
Carbobenzoxyglycylglycine (CGG)..........| 5.5-6.0 0.3 8.0 0.083 


of the substrates and differs only on the acid side of the data for the hy- 
drolysis of CGG. Moreover, the values for pk,’, the more acidic constant, 
and for pK,’, the alkaline constant, are similar for all of the substrates. 

Comparison of the data for CHA with those obtained earlier for BAA 
(1) shows that the effect of pH on A,, and kp is rather different. Never- 
theless, the curves for i; as a function of pH are very similar for both sub- 
strates. This finding in itself lends support to the interpretation that, for 
both of these substrates, k; = ko/K,. The apparent heat of ionization for 
pK.’ appears to be lower for CHA. However, the data for BAA are not as 
extensive and it is likely that the value found for CHA, AH = +4.4 kilo- 
calories per mole, is more trustworthy. In any case, the value is more in 
line with that expected for the heat of ionization of a sulfhydryl group (8). 

The earlier suggestion (1) that the two limbs of the k,; curve for BAA 
reflect the ionization of a carboxyl group and of a sulfhydryl group is borne 
out by the data for CHA and BGA. However, it was suggested originally 
that the role of the ionized carboxyl] group might be that of interaction with 
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a cationic group in the substrate. This interpretation is in accord with 
the results for CHA as well as BAA. The results for the other two sub- 
strates merit a closer examination. 

With CGG, the calculated value for k; increases below pH 5.5 in contrast 
to the results with other compounds studied thus far. It should be em- 
phasized that the absolute value of k; for hydrolysis of CGG is only about 
0.1 per cent of that of BAA at pH 6 (Table II). Thus, CGG is a poor sub- 
strate indeed. A possible explanation is the presence of an ionized car- 
boxyl group in CGG which would result in poor interaction at the active 
site of the enzyme which, according to our interpretation, contains an 
ionized carboxyl group. If this is correct, one might expect increased 


BAA 
HA 
2 HA 
+ 
=| 2 3 
LOG k, 


Fic. 6. A plot of log ko versus log k; for four substrates for papain 


values of k; when the ionization of the carboxyl group of substrate or en- 
zyme is suppressed at lower pH values. This would explain the increase 
in k, for CGG at low pH values, as observed in Fig. 5. 

Although BGA possesses no formal charge, the general form of the re- 
lationship between k, and pH (Fig. 4) is the same as that found with the 
cationic substrates CHA (Fig. 3) and BAA. It might be supposed that 
interaction of BGA with the ionized carboxyl of the enzyme involves some 
part of the molecule of BGA which bears a weak positive charge. This 
could involve either the benzene ring or the weak 6-positive charge of the 
carbonyl carbon at the acyl bond. It may be noted that BGA is a better 
substrate than CGG but is a much poorer one than the positively charged 
compounds (Table IT). 

Examination of Table II indicates that, for the four substrates listed, 
the values for k; are paralleled by those for ko. This is shown graphically 
in the double logarithmic plot of Fig. 6. The linear relationship may be 
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regarded as a useful empirical one for assessing kinetic constants for the 
substrates of papain. However, it may be noted that a similar relation- 
ship has also been observed by Lumry and Smith (9) for the substrates of 
carboxypeptidase (see (9), Fig. 5). If the usual meaning is attached to 
k,, as representing the constant for formation of the enzyme-substrate 
complex, and to ko, as representing the breakdown of the complex, the 
relationship suggests that the more readily the complex forms, the more 
readily it breaks down. Although k, and ko are usually regarded as inde- 
pendent parameters, the data for papain and carboxypeptidase suggest 
that the two velocity constants intimately reflect the over-all mechanism 
of action of these predominantly hydrolytic enzymes. 

It has been suggested for papain (1, 10) that the rate-limiting step may 
involve transfer of the acyl portion of the substrate to the enzyme, result- 
ing in the formation of a thiol ester. The subsequent rate-limiting step 
would then be a displacement of the acyl group from the enzyme, regenerat- 
ing the thiol group of the enzyme. The relationship between k; and ky 
could then be a reflection of the over-all reactivity of the thiol group for 
different substrates, involving either formation or breakdown of a thiol 
ester. 


SUMMARY 


1. K,, and ky have been determined for the hydrolysis of carbobenzoxy- 
L-histidinamide by papain. On the assumption that k; = ko/K,», the data 
indicate that the interaction between enzyme and substrate involves two 
titratable groups, an ionized carboxyl group (pK,’ near 4) and an un- 
ionized sulfhydryl group (pK,’ near 8) in the enzyme. pK)’ shows a heat 
of ionization near zero, whereas pK,’ has a AH of +4.4 kilocalories per mole 
in accord with that found for the respective groups. 

2. The effect of pH on k, for hydrolysis of benzoylglycinamide is similar 
to that for the histidine substrate. In contrast, the data for the hydrolysis 
of carbobenzoxyglycylglycine suggest that suppression of the ionization of 
a carboxyl group enhances interaction of enzyme and substrate. 

3. The available data for four substrates indicate a relationship between 
the relative magnitude of the kinetic constants, k; and ko, for formation and 
breakdown of the enzyme-substrate complex. <A possible explanation for 
this relationship is discussed. 
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THE STABILITY AND HYDROLYSIS OF S-ADENOSYL- 
METHIONINE; ISOLATION OF 
S-RIBOSYLMETHIONINE* 
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(From the Division of Biological and Medical Research, Argonne N ational Laboratory, 
Lemont, Illinois) 


(Received for publication, August 23, 1957) 


Recent improvements in the methods for biosynthesis and isolation of 
S-adenosylmethionine (1, 2) have stimulated extensive experimentation 
with this compound. Detailed information upon its stability under various 
conditions is a prerequisite to microbiological, nutritional, and enzymatic 
research involving this substance. Not only is it desirable to have an 
estimate of the residual amount of S-adenosylmethionine at any given time 
during an experiment, but in many instances it is necessary also to know 
what fragments may accrue. Erroneous results may be surmised, 
especially in microbiological studies with mutants, if the response to hy- 
drolytic products is mistaken for an effect of the parent substance. Ex- 
periments were carried out, therefore, on the stability of S-adenosyl- 
methionine under the conditions of biological experimentation. Our 
study soon revealed that several hydrolytic processes occur simultaneously. 
To gain insight into the conditions which favor individual reactions, ex- 
tremes of pH and temperature were included in this investigation. The 
latter phase of our work revealed conditions for splitting methionine from 
the molecule and for hydrolysis to adenine and a hitherto unknown frag- 
ment, S-ribosylmethionine. Directions for preparation and a description 
of some of the properties of this new compound are given. 

Our data extend the earlier observations of Cantoni, (3) and of Baddiley, 
Cantoni, and Jamieson (3, 4) on the hydrolysis of S-adenosylmethionine; 
they observed the formation of adenine by acid hydrolysis and of methyl- 
thioadenosine and homoserine by heating in neutral solution. 


Materials and Methods 


The preparation of S-adenosylmethionine from yeast, as well as suitable 
analytical techniques, has been described in our earlier reports (1, 2). 
Minor details and modifications will be noted in connection with the ex- 
periments. 

Dimethyladenosylthetin (5'-Dimethylthioadenosine)—This material was 


* This work was performed under the auspices of the United States Atomic Energy 
Commission. 
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obtained by the reaction of 5’-methylthioadenosine (5) with methy] iodide. 
It was purified by ion exchange chromatography with Dowex 50 resin (2). 
The absorption spectrum of the resulting material was identical with that 
of S-adenosylmethionine. Chromatography on Whatman No. 1 paper 
showed R, 0.3 in n-butanol-acetic acid-water (60:25:15, v/v), and Rp 0.6 
in ethanol-water-acetic acid (65:34:1, v/v). The ratio of adenine to pen- 
tose was 1.0. A more detailed description of this compound will be pub- 
lished shortly. 

5'-Methylthioribose—Reference material for the colorimetric determina- 
tion of 5’-methylthioribose was obtained by the treatment of 5’-methyl- 
thioadenosine with 0.1 N HSO, at 100° for 5 hours. Paper chroma- 
tography showed that the hydrolysis is complete under these circumstances 
and that no further decomposition of 5’-methylthioribose has taken place. 
The neutralized solution was used as reference material. ‘The presence of 
adenine does not interfere with the nitroprusside test. 


Results 


Stability under Physiological Conditions—The decline in the concentra- 
tion of S-adenosylmethionine under conditions resembling those of bio- 
chemical experimentation was studied by incubation in 0.05 m phosphate 
buffer at 30° in the presence of a small amount of toluene as a preservative. 
The concentration of the sulfonium compound was 6 yumoles per ml.; 
samples were withdrawn at intervals for the determination of residual 
S-adenosylmethionine by means of a Dowex 50 column (1). Fig. 1 shows 
the results and in it the initial pH values are specified. The gradual aboli- 
tion of the sulfonium configuration, according to Ri(R2)S*+tR; + HO - 
R:SRz + R;0H + H+, gave an increase in acidity to pH 8.2, 7.0, and 
6.0, respectively. Simultaneous samples for paper chromatographic survey 
revealed the identity and approximate concentration of split products. 
The results of ultraviolet scanning and ninhydrin tests are listed in Table I. 

Observations of the material incubated at weakly alkaline reaction in- 
dicated a novel hydrolytic mechanism leading to methionine; the other 
product expected from such a split would be adenosine; this, however, 
could not be detected. The principal purine product was adenine, indi- 
cating that hydrolysis of the glycosidic bond and of the linkage between 
carbon atom 5 of the ribose and the sulfur atom occurred, either simul- 
taneously or in sequence. The lability of the bond between adenine and 
ribose in S-adenosylmethionine is not shared by adenosine and methyl- 
thioadenosine. To gain information on this point, an extension of the 
hydrolytic studies into the acid and alkaline range and a comparison with 
related compounds appeared desirable. 

Acid Hydrolysis—S-Adenosylmethionine is rather stable in strong acids 
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at low temperature (2). A comparison of the stability of its glycosidic 
bond with those in adenosine and 5’-methylthioadenosine is shown in Fig. 
2, which represents the release of adenine in 0.1 N HCl in a boiling water 
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HOURS 
Fic. 1. The destruction of S-adenosylmethionine in 0.05 m phosphate buffer at 
30°. 
TABLE I 
Hydrolytic Products of S-Adenosylmethionine 
Hydrolysates 
Products obtained 
pH 6.0* pH 7.0* pH 8.2t 
S-Adenosylmethionine + 
5’-Methylthioadenosine ++ ++ + 
Adenine + + 4+. 
Homoserine ++ ++ + 
Methionine + + ++ 


The experimental conditions are cited in the text. 
* Incubation at 30° for 96 hours. 
t Incubation at 30° for 48 hours. 


bath. The initial concentration of the compounds examined was 2 umoles 
Samples withdrawn at the times specified were analyzed for 
No striking differences 


per ml. 


adenine by ion exchange chromatography (1). 


in the rates of acid hydrolysis are apparent. 
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Alkaline Hydrolysis—Paper chromatography of hydrolysates of S- 
adenosylmethionine obtained with 0.1 N NaOH at the temperature of a 
boiling water bath revealed adenine and methionine as the main products; 
these were accompanied by smaller amounts of homoserine, methylthio- 
adenosine, methylthioribose, and presumably some other split products, 
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Fic, 2. The splitting of adenine from S-adenosylmethionine, adenosine, and 5’- 
methylthioadenosine by 0.1 N HCl in a boiling water bath. 

Fic. 3. Absorption spectra of S-adenosylmethionine (©) and adenine (@). The 
measurement of S-adenosylmethionine was carried out at pH 9.7 and 7.0 with identi- 
cal results; measurement in 0.1 N NaOH is precluded because of the instability of the 
compound. Adenine was measured in 0.1 N NaOH. The concentration of each 
compound was 0.062 umole per ml. Maximal decrease in optical density during the 
reaction, S-adenosylmethionine — adenine + S-ribosylmethionine, occurs at 250 mg. 


Since the destruction of S-adenosylmethionine was completed under these 
circumstances in less than 3 minutes, and since the hydrolysis obviously 
was multiple in character, the procedure was carried out at 25°. Under 
these circumstances no S-adenosylmethionine was left after 10 minutes. 
Paper chromatograms showed only traces of methionine and homoserine. 
A heavy adenine spot and an intensely ninhydrin-responsive, ultraviolet- 
negative area were found; the latter was located in a position similar to 
that of the parent substance, S-adenosylmethionine. The identification 
of adenine and the presence of only one other major split product suggested 
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that the latter might be S-ribosylmethionine. This was confirmed by the 
analysis of eluates from large scale paper chromatograms. 

The difference between the absorption spectra of S-adenosylmethionine 
and adenine in alkaline solution (Fig. 3) permits spectrophotometric ob- 
servation of the reaction, S-adenosylmethionine — adenine + S-ribosyl- 
methionine, taking advantage of the drop in optical density at 250 mu. 
The course of the hydrolysis is seen in Fig. 4; spectrophotometry of adeno- 
sine and 5’-methylthioadenosine in 0.1 N NaOH confirmed their stability 
in alkali (6, 7). Because of the sensitivity of S-adenosylmethionine to 
alkali, it was not possible to obtain an absorption spectrum in 0.1 N NaOH; 
nor could a zero time value for the alkaline hydrolysis be measured. The 
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Fic. 4. The effect of 0.1 N NaOH at 25° on S-adenosylmethionine (X), dimethyl- 
adenosylthetin (QO), adenosine (@), and 5’-methylthioadenosine (A). The optical 
density at 250 mu was recorded; the decrease to 55 per cent of the original density 
value indicates complete hydrolysis of the glycosidic bond. 


initial value given in Fig. 4 was obtained before the addition of sodium 
hydroxide; it is corrected for the dilution. The absorption spectra at pH 
9.7 and pH 7.0 were identical. Likewise the absorption spectra of adeno- 
sine and 5’-methylthioadenosine in 0.1 N NaOH were found to be identical 
with those taken at pH 7.0, except for a minute leveling of the minimum 
near 230 mu. 

Comparison with Dimethyladenosylthetin—The extreme lability of the 
glycosidic bond in S-adenosylmethionine toward alkali appeared to be a 
special effect of the sulfonium configuration in the molecule. In view of 
the novelty of this observation, it was desirable to amplify the informa- 
tion on this point. A related compound, dimethyladenosylthetin, was 
available for this purpose. It has been obtained for transmethylation 
studies from 5’-methylthioadenosine and methyl iodide by a procedure 
patterned after the method of Toennies and Kolb for the synthesis of sul- 
fonium compounds (8). This compound showed sensitivity to alkali in a 
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fashion similar to S-adenosylmethionine (see Fig. 4). Adenine, which 
resulted from the hydrolysis, was readily identified by paper chromatog. 
raphy. 


HC O 
CH; 
| | OHOH| H 4/ 
C N C—C—C—c—c—S 
H H H HH 
CH; 


(Dimethyladenosylthetin) 


Preparation of S-Ribosylmethionine—It has been found advantageous to 
minimize side reactions in the hydrolysis of adenine from S-adenosylmethio- 
nine by carrying out the hydrolysis in an ice bath; at least 3 hours are 
required to complete the process under these circumstances. S-Ribosyl- 
methionine migrates on Dowex 50 columns in a fashion similar to S-methyl- 
methionine (1); however, in contrast to S-adenosylmethionine, its precipi- 
tation by phosphotungstic acid from the acid eluates is not satisfactory. 
Therefore, adenine was removed from the hydrolysate by precipitation. 
The following procedure is recommended. 

A water solution of highly purified S-adenosylmethionine, containing 
10 to 20 umoles per ml., is cooled in an ice bath and adjusted with cold 1.0 
N NaOH to 0.1 wn alkali content. After 5 hours, twice the calculated 
amount of 1 N H2SQ, is added to attain an acid concentration of 0.1 N. 
Adenine is removed by precipitation with AgsSO,; for each 100 yumoles 
4.0 ml. of 0.5 per cent solution are used. After 1 hour at low temperature, 
the precipitate is removed by centrifugation and washed twice with a small 
amount of water. The combined solutions are treated with hydrogen 
sulfide, followed by nitrogen to remove the excess of the precipitant gas. 
Silver sulfide is now removed by filtration or centrifugation, and the pre- 
cipitate is washed twice. The treatment with nitrogen is continued for 
several hours to minimize the hydrogen sulfide content of the solution. 
Freshly prepared barium carbonate suspension or Dowex 2-HCO; (2) is 
used for the removal of excessive H:SO,. Centrifugation and washing of 
the precipitate lead to a clear solution which may be concentrated by lyo- 
philization; complete dehydration should be avoided since S-ribosylmethio- 
nine, like S-adenosylmethionine, shows very limited stability in the dry 
form. Solutions may be stored at or below pH 7.5 for prolonged periods 
in the frozen state. 

Analysis and Properties of S-Ribosylmethionine—No traces of adenine 
or adenine lerivatives can be found in the preparations by paper chroma- 
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tography or spectrophotometry. S-Ribosylmethionine is readily detected 
on paper chromatograms by the ninhydrin spray although the platinum 
iodide reagent (9) is less sensitive. In butanol-water-acetic acid (60:25:15, 
v/v) Re is 0.1; in ethanol-water-acetic acid (65:34:1, v/v) Rp is 0.35. 
Application of graded amounts, up to 0.3 umole per spot, permits the iden- 
tification and estimation of impurities. Methionine and homoserine, not 
in excess of a few per cent, are sometimes observed. Paper chromatog- 
raphy and elution yield preparations of high purity. 


HCOH COOH 
HCOH H,.NCH 
HCOH + CH, 
CH, 5S CH: 
CH; 


S-Ribosylmethionine 


The structure of S-ribosylmethionine is inferred mainly from the com- 
position and configuration of its parent substance, S-adenosylmethionine, 
and from the observation that under the hydrolytic conditions specified 
here adenine is the only other principal fragment. Unfortunately, S- 
ribosylmethionine proved refractory to isolation in the dry or crystallized 
state. Thus it became necessary to establish a measure of the concentra- 
tion of the compound in solution by a suitable analytical test. Ultraviolet 
spectrophotometry, which serves for this purpose in experimentation with 
S-adenosylmethionine, cannot be used for lack of a specific light-absorbing 
group in the molecule of S-ribosylmethionine. Pentose determination by 
the orcinol reagent was attempted, therefore. For this, it had to be as- 
certained that the response of the ribose bound in S-ribosylmethionine is 
equivalent to that of the free ribose used as a standard; this prerequisite 
is satisfied by S-adenosylmethionine (1). Measured amounts of three 
S-adenosylmethionine preparations were hydrolyzed by alkali to S-ribosyl- 
methionine and adenine, and the hydrolysates were tested with the orcinol 
reagent. The presence of adenine in the solution has no influence on the 
color intensity; experiments with ribose and admixed adenine showed no 
effect of equimolar amounts nor even a 5-fold excess of the base. The 
results listed in Table II indicate that with a 10 per cent limit of accuracy 
pentose determination may serve as a measure of the concentration of 
S-ribosylmethionine, provided that the identity and uniformity of the 
product are ascertained by concomitant paper chromatography. 

A preparation of S-ribosylmethionine from which adenine had been re- 
moved contained 7.8 umoles per ml. as determined by the orcinol reaction. 
Hydrolysis at pH 5.3 for 30 minutes at 100° yielded methylthioribose 
(7.2 umoles per ml.) and homoserine (8.5 umoles per ml.). The former 
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was determined by the nitroprusside reaction (11) and the homoserine by 
the ninhydrin test (12). Experiments with L-amino acid oxidase (1) 
showed 11.0 umoles of the preparation inert as a substrate although me- 
thionine was oxidized almost completely. Heating in 0.1 Nn NaOH de- 


stroyed the sulfonium group and produced methionine in 65 per cent yield - 


as determined by the amino acid oxidase technique (1). 


TaBLeE II 


Response of S-Adenosylmethionine and S-Ribosylmethionine 
to Orcinol Pentose Reagent 


j Concentration of pentoset 
Preparation No. Concentration of 
A B Cc 
pmoles per ml. pmoles per ml. pmoles per ml. pumoles per ml. 
1 23.8 24.4 24.0 23.4 
2 13.2 13.3 13.7 14.4 
3 11.3 11.5 11.7 12.0 


* The concentration of S-adenosylmethionine was determined by spectrophotome- 
try. 

ft The orcinol reaction was used with slight modifications (10). D-Ribose served 
as a reference standard. The data were obtained (A) before hydrolysis; (B) after 
hydrolysis in 0.1 Nn NaOH at 0° for 5 hours; (C) after hydrolysis in 0.1 N NaOH at 
25° for 10 minutes. All the samples were diluted 100- to 300-fold for the analytical 
tests. 


DISCUSSION 


It may be assumed from our data that the loss of S-adenosylmethionine 
caused by its chemical lability remains small during the short periods of 
incubation in enzymatic studies. In nutritional and microbiological in- 
vestigations the lability may be a complicating factor, and in all types of 
experiments involving intact cells, tissue homogenates, or crude enzyme 
preparations the additional rapid enzymatic destruction has to be con- 
sidered. 

The experiments on hydrolysis are illustrated in Fig. 5, in which various 
modes of splitting are indicated. The earlier observations (3, 4) on the 
formation of methylthioadenosine and homoserine (site A, Fig. 5) have 
been confirmed; heating at pH 4 or in neutral solution for 30 minutes gives 
nearly quantitative results. More rigorous treatment with acid leads to 
further degradation of methylthioadenosine (site B, Fig. 5), and results in 
adenine and methylthioribose. 

Methionine can be obtained by brief heating in alkali (site C, Fig. 5); 
we have not been able to detect adenosine, which would be the other frag- 
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ment expected from this split. Control experiments with adenosine, 
heated with alkali under the same conditions, proved its stability. There- 
fore, adenosine could not be considered as a product or as an intermediate 
compound in the alkaline hydrolysis of S-adenosylmethionine. The 
quantitative formation of adenine by alkali suggested that the split at 
site B precedes that at site C. This has been confirmed by alkaline hy- 
drolysis at low temperature. Under these conditions, the split at site C 
becomes negligible compared with that at B; adenine and S-ribosylmethio- 
nine are formed. The designation of the latter product as S-ribosylme- 
thionine is based on the following observations: precipitability and chro- 
matographic behavior as an entity, the orcinol response characteristic of 
pentoses, its alkaline hydrolysis leading to methionine with destruction of 
the pentose, splitting by weak acid to methylthioribose and homoserine, 


N=C—NHo 
HC 
N on 
COOH 
HoNCH | HGOH 
HCOH 
| 
HC 
CHo ; CHo 


Fic. 5. Various hydrolyses of S-adenosylmethionine. A discussion is given in 
the text. 


and the identification of these compounds by paper chromatography. The 
sulfonium character is implied from the structure of the parent compound 
whose characteristics of stability and hydrolytic behavior are retained in 
the molecule. Like other sulfonium compounds, S-ribosylmethionine 
is resistant to amino acid oxidase. Splitting of S-adenosylmethionine by 
enzyme action at sites D and E (3, 13) has been observed (see Fig. 5). 
No analogous chemical hydrolyses have been detected in our studies. 

The extreme lability of the glycosidic bond in S-adenosylmethionine has 
no analogy in ribose nucleoside and nucleotide chemistry with the excep- 
tion of the nicotinamide ribose linkage in the nicotinamide nucleotides 
(14); here, the pyridinium nitrogen changes to the trivalent state when 
nicotinamide is liberated by alkali. It was surmised at first that by an 
intramolecular rearrangement of S-adenosylmethionine the methyl group 
might be shifted from the sulfur atom to nitrogen atom 9 of the adenine 
with resultant labilization of the glycosidic bond. However, 9-methylade- 
nine and S-ribosylhomocysteine would then be expected as fragments; 
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they were not found in our hydrolysates. In view of the stability of adeno- 
sine and methylthioadenosine toward alkali, it became clear that the 
presence of the sulfonium group in S-adenosylmethionine must be responsi- 
ble for the lability of the adenine ribose linkage in alkaline medium. Con- 
fidence in this concept was gained by the observation of almost identical 
behavior of the related sulfonium compound, dimethyladenosylthetin. 

Labilizing effects exerted by sulfonium groups are well known in organic 
chemistry (15, 16). Hydrolytic cleavage of bonds is usually observed, or 
desaturation at a neighboring site may occur; the sulfonium group is rarely 
preserved in these processes (17-19). The relative lability of the sulfur 
carbon bonds A and C in S-adenosylmethionine (see Fig. 5) compared with 
the stability of these linkages in the corresponding thio ethers is in accord 
with previous experience concerning the effects of sulfonium groups. The 
easy splitting of the adenine ribose linkage, however, is novel in that it is 
removed from the activating sulfonium group by five interatomic bonds. 
Furthermore, the split occurs at a carbon nitrogen bond, and the sulfonium 
group of the molecule remains intact. The biochemical significance of 
this lability is under investigation. 


The authors wish to acknowledge the technical assistance of Mrs. 8. 
Stanford. 


SUMMARY 


The stability of S-adenosylmethionine under conditions of biochemical 
experimentation has been examined. Non-enzymatic decomposition de- 
creases the concentration significantly on prolonged incubation. Alkaline 
hydrolysis with heating leads to methionine; alkali at low temperature 
yields adenine and S-ribosylmethionine. The reasons for the instability 
of the glycosidic bond in S-adenosylmethionine are described. Experiments 
with a related compound, dimethyladenosylthetin (5’-dimethylthioadeno- 
sine), revealed sensitivity of its glycosidic bond to alkali similar to that 
observed with S-adenosylmethionine. 
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STIMULATION OF THE GLUCOSE OXIDATIVE PATHWAY IN 
HUMAN ERYTHROCYTES BY METHYLENE BLUE* 


By MYRON BRINf ann ROBERT H. YONEMOTO 


(From the Thorndike Memorial Laboratory, Second and Fourth (Harvard) Medical 
Services, Boston City Hospital, and the Departments of Biological Chemistry, 
Medicine, and Surgery, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, March 28, 1957) 


Barron and coworkers (1-3) demonstrated nearly 30 years ago that the 
respiration of non-nucleated erythrocytes may be greatly stimulated by 
the addition of methylene blue to the buffer system. Explanations for 
this phenomenon have been given as increased oxidation of a degradation 
product of glucose (2), oxidation of lactate (4), increased reversible con- 
version of hemoglobin to methemoglobin (5), and conversion of lactic 
acid to pyruvate (6). None of these explanations, however, accounted 
for the magnitude of the increased respiration. 

From the studies presented here it is proposed that methylene blue 
activates a cyclic glucose oxidative pathway in mammalian red cells, 
and that this mechanism accounts for as much as 85 per cent of the oxygen 
consumed by human erythrocytes in the presence of methylene blue. 


EXPERIMENTAL 


Human blood was drawn from the antecubital vein into a heparinized 
syringe, transferred to a centrifuge tube, and centrifuged at 1500 r.p.m. 
for 10 to 15 minutes. The supernatant plasma and buffy coat were with- 
drawn and the plasma was replaced with buffer' to give a hematocrit 
reading of 0.40 to 0.50. 

Standard Warburg technique was utilized in the respiration experiments. 
Initially (Tables I, II) 18 ml. flasks were used with a total fluid volume 
of 3.2 ml., composed of 2.0 ml. of prepared blood and 0.6 ml. of buffer in 


* This work was supported in part by the Office of the Surgeon General, Depart- 
ment of the Army, in part by a grant from the Nutrition Foundation, Inc., New York, 
in part by a grant from Merck and Company, Inc., Rahway, New Jersey, and in 
part by a grant from the Lederle Laboratories Division of the American Cyanamid 
Company, Pearl River, New York, to Harvard University. 

t Present address, Food and Drug Research Laboratories, Inc., Maurice Avenue 
at 58th Street, Maspeth 78, New York, New York. 

1 For initial studies (Tables I, II) a modified “Z’’ buffer was used: NaCl 8.0 gm., 
KC] 0.2 gm., MgCl.-6H.O 0.2 gm., NaH2PO,-H:O 0.20 gm., NasHPO,-2H20 0.35 
gm., in 1 liter of distilled water, autoclaved. For later studies (Tables III, IV) a 
modified Krebs buffer was used: NaCl 0.115 m, KCl 0.004 m, MgCl, 0.005 m, and 
NasHPO,-NaHePO, 0.02 m. 
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the main chamber; 0.2 ml. of 0.05 per cent methylene blue, 0.2 ml. of 
glucose (final concentration 180 mg. per cent), and 0.2 ml. of 15 per cent 
KOH being in the center well. Later (Tables III, IV), 10 ml. flasks were 
used with 1.2 ml. of total fluid volume composed of 0.8 ml. of blood, 0.07 
ml. of 0.05 per cent methylene blue, and 0.08 ml. of buffer in the main 
chamber, and of 0.05 ml. of glucose (0.8 mg.) in the side arm and 0.2 ml, 
of 15 per cent KOH in the center well. All the flasks were incubated at 
38° for the times indicated in Tables I to IV when the reactions were 
stopped by the addition of 100 per cent trichloroacetic acid and stoppered 
to allow the CO, to equilibrate with the KOH. Buffer replaced the 
methylene blue when this was omitted. 

To determine the specific activity of lactate in the methylene blue system, 
50 ml. beakers were prepared with 10 ml. of total fluid volume composed of 
0.7 ml. of 0.05 per cent methylene blue, 0.5 ml. of glucose-1-C"™ containing 
10 mg. of glucose, 8.0 ml. of prepared blood, and 0.9 ml. of buffer. These 
were incubated in the Dubnoff shaking apparatus for 5 hours. 

Glucose was determined by the anthrone method (7), lactate by the 
method of Barker and Summerson (8), and CO. was precipitated as 
the barium salt, plated, and counted in a Robinson flow counter. |The 
specific activity of lactic acid was determined by the method of Brin and 
Olson (9). Radioactive glucose-1-C™, glucose-2-C“, and glucose-6-C" 
were obtained from H. 8. Isbell of the United States National Bureau of 
Standards? and the glucose uniformly labeled with C' was obtained from 
Nuclear Instrument and Chemical Corporation, Chicago.’ 


Results 


Fig. 1 shows that oxygen consumption rose with increasing concentrations 
of methylene blue, confirming the earlier work of Barron et al. (1, 2). In 
the absence of dye maximal oxygen consumption was reached at 1 hour. 

In a similar study, glucose-1-C' and glucose-2-C™ were incubated in- 
dependently with erythrocytes in the presence of various amounts of 
methylene blue. These data are presented in Fig. 2. The C'QOz recovered 
from each substrate increased as the concentration of the dye increased, 
and for the 3 hour period the per cent of C'*O2 recovered from glucose-2-C" 
was a nearly constant fraction of the per cent recovered from glucose-1-C" 
at any concentration of methylene blue. This observation suggested 
that methylene blue was activating a precise metabolic pathway inter- 
mediate between glucose and lactic acid, and prompted the following 
studies. 


? Initial quantities were supplied through the generosity of Dr. Manfred Karnovsky 
of the Department of Biological Chemistry, Harvard Medical School. 
3 In this paper carbon-1 refers to the aldehyde end of the glucose molecule. 
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Glucose labeled with C™ in the 1, 2, and 6 positions and glucose uni- 
formly labeled with C' were incubated individually with erythrocytes 
without methylene blue and in its presence at a final concentration of 
0.0033 per cent. The data for typical experiments are presented in Table 
I. The recovery of CO, from carbon-1 was twice that from carbon-2 
in the presence of the dye. Furthermore, there was no recovery of car- 
bon-6, with or without the dye, confirming previous conclusions that 


HUMAN ERYTHROCYTES 
METHYLENE BLUE (MB) 


OXYGEN CONSUMPTION 


> © 0.0066 % MB 
500-L 
S 0.0033% MB 
$400 e 
7) 
0.0017% MB 
ly 
300 
= 200 

100 WITHOUT MB 
2 3 
HOURS 


Fic. 1. The effect of the concentration of methylene blue on the oxygen consump- 
tion of intact human erythrocytes. The lower curve (O) presents the oxygen con- 
sumption in the absence of the dye, and the upper curves present the oxygen con- 
sumption in the presence of increasing concentrations of methylene blue, namely 
0.0017, 0.0033, and 0.0066 per cent, respectively. 


oxidative degradation of glucose by normal red cells is a minor pathway 
(10, 11). Finally, the failure to recover carbon-6 demonstrated that the 
oxidation stimulated by methylene blue was confined to the upper half 
of the glucose molecule. The recovery of carbon-1 of glucose as CO, 
with the dye was 40 times that without the dye under these conditions. 
Whereas the ratio of the recovery of carbon-1 to carbon-2 was 9.4 in the 
absence of methylene blue, it was 2.1 in the presence of the dye. Methyl- 
ene blue, therefore, mediated reactions which not only increased the total 
recovery of these atoms, but also increased the rate of oxidation of carbon-2 
in relation to that of carbon-1. The carbon recovery data for the specifi- 
cally labeled substrates can be integrated with that for the uniformly 
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labeled substrate (Table I) as follows: Were the activity of the specifically 
labeled substrates, as presented in Table I, distributed equally among the 
carbons, the recoveries per carbon would be 25.4/6 = 4.2 and 12.2/6= 2.0 
per cent‘ for carbon-1 and for carbon-2, respectively. Therefore, the 
total recovery as CO, from carbons 1 and 2 was 6.2 per cent of the 
carbon added to the system. In the data for uniformly labeled substrate 
(Table I), the recovery observed experimentally was 6.5 per cent. This 


HUMAN ERYTHROCYTES 
METHYLENE BLUE 


GLUCOSE-C'%0, RECOVERY 


C-1-c'%0, 


RECOVERED PERCENTAGE OF COUNTS ADDED 


.OOI65 .0033 .OO66 
PERCENT METHYLENE BLUE 
Fic. 2. The effect of the concentration of methylene blue on the percentage re- 
covery of radioactive C'O:, from radioactive glucose added initially as (OQ) C'¥-1- 
glucose and (@) C'4-2-glucose. 


demonstrates that the oxidation of carbons 1 and 2 of the glucose molecule 
to CO, accounts for 95 per cent of the enhanced oxidation of glucose in 
the presence of methylene blue. These data further emphasize that the 
oxidations stimulated in erythrocytes by methylene blue are confined to 
the upper half of the glucose molecule. 

The data in Table II relate the recovery of CO. from uniformly labeled 
substrate to the oxygen consumed in 3 hours as a measure of the fraction 
of the total oxidation observed without methylene blue in the above 
experiments. These data were calculated as follows: The net O2 consump- 
tion with dye (Column 2) equals the observed oxygen consumption in 
microliters at 3 hours (Column 1), minus the oxygen consumption in 


‘ Average values from Table I, Experiments 1 and 2, respectively. 
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the absence of dye (Column 1). The footnote explains that 180 umoles 
of carbon were added initially to each system. The figures of Column 3 
indicate the percentages of C'! counts recovered from uniformly labeled 
substrate (as shown in Table I) and the figures of Column 4, the micromoles 
of carbon recovered, were calculated by multiplying the figures in Column 
3 by 180 umoles. The products of the figures in Column 4 and 22.26 give 
the number of microliters of carbon equivalent to the micromoles of carbon 
recovered as COs, and these are recorded in Column 5. Column 6 demon- 


TABLE I 


Recovery of from Differentially Labeled Glucose 
Incubated with Human Erythrocytes* 


Total Counts re- Carbon-1 


Experi- M ] Counts | bon- 
1 With methylene C14-1-Glucose 20,777 4954 23.9 2.15 

blue, 0.0033% C'4.2-Glucose 9,450 1045 11.1 
C14.6-Glucose 28, 861 10 0.0 
C¥4-U-Glucose | 32,646 2056 6.3 
2 With methylene C'4-1-Glucose | 20,777 5544 26.8 2.01 
blue, 0.0033% ('14-2-Glucose 9,450 1253 13.3 
(C14-6-Glucose 28, 861 8 0.0 
C4-U-Glucose | 32,646 2192 6.7 
3 No methylene (''4-1-Glucose 20,777 144 0.69 9.4 
blue (!4-2-Glucose 9,450 7 0.07 
('14.6-Glucose 28, 861 6 0.02 


CM4_U-Glucose | 32,646 36 0.11 


* Cl4_1-Glucose, C'4-2-glucose, and C'4-6-glucose refer to three solutions in which 
the glucose was labeled independently with carbon-14 in carbons 1, 2, and 6, respec- 
tively. C!4-U-Glucose designates a solution in which the glucose was labeled with 
carbon-14 equally in all positions. 


strates the percentage of the oxygen consumption attributable to the pres- 
ence of methylene blue which can be accounted for by the CO: recovered 
from added C™ uniformly labeled substrate, which ranged, under these 
conditions, from 79 to 86 per cent of the observed oxygen consumption. 
The latter value was based on the assumption that for a molecule of CO» 
produced in this system (a) the observed respiratory quotient is equal to 
1.00, the theoretical for total combustion of glucose, and (b) that the re- 
covery of CO, is quantitative. However, an error in either assumption 
would serve to increase the amount of O2, consumption which may be at- 
tributed to the methylene blue mechanism. 

Further studies were then designed to determine the carbon balance in 
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the methylene blue system, and also, if possible, the relation between the 
specific activity of the lactate produced and that of the substrate added 
initially. 

Accordingly two paired simultaneous experiments were performed in 
which data for respiration and chemical balances were obtained from 
filtrates derived from a study in the Warburg apparatus and, in addition, 
the specific activity of the lactate produced was determined in filtrates 
from larger volume systems incubated in a Dubnoff metabolic shaking 
apparatus. The relative concentration of substrates and tissue was the 
same in both paired series of experiments. 


TABLE II 


Relation between C'%0, Recovered from Uniformly C'4-Labeled Glucose and Oxygen 
Consumption of Human Erythrocytes with and without Methylene Blue* 


Increase in 
Total oxy- oxygen con- Carbon Carbon 
gen con- sumption cM recovered | recovered yl. 
observed (3 {withmethyl-| cent Gamoles i. XT 
No. hrs.) (3 hrs.) 
(1) (2) (3) (4) (S) (6) 
pl. pl. per cent umoles pl. per cent 
1 With methyl- 430 323 6.3 11.4 254 79 
ene blue ‘ 
2 - va 425 318 6.7 12.2 272 86 
3 No methylene 107 0.11 0.2 4.5 4 
blue 


* The 5400 y of C' uniformly labeled glucose added, divided by 180 y per umole 
is equivalent to 30 umoles of glucose. This amount multiplied by 6, the number of 
carbon atoms per glucose molecule, yields 180 umoles of carbon. 


In Table III are the analytical data for these experiments in which oxygen 
consumption and residues of glucose and lactic acid were observed at 
intervals up to 5 hours during the incubation of erythrocytes with and 
without methylene blue in the presence of glucose-1-C'*. The oxygen 
consumption in the absence of methylene blue had leveled off by the 3rd 
hour (as had been demonstrated in Fig. 1) but with the dye it continued 
for the entire experimental period (5 hours). The disappearance of glucose, 
the appearance of lactic acid, and the recovery of C'O2 from labeled sub- 
strate increased in a linear fashion with time. 

Radioactive carbon-14 balance data for this paired study are shown in 
Table IV, which expresses radioactivity, in counts per minute, which 
can be attributed to the residues at the end of 5 hours, of glucose, lactate, 
and respired COs, as a fraction of the total radioactivity added initially 
as glucose-1-C', The analytical data account for from 90 to 120 per cent 
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of the counts added; a greater proportion of the radioactivity was ac- 


counted for in the presence of methylene blue. 


It is worthy of note that, in the absence of methylene blue, the specific 


Analytical Carbon Balance Data Obtained from Incubating 


TABLE III 


Human Erythrocytes with and without Methylene Blue* 


glucose 
hrs. pl. mg. mg. mg. 

None ] 11.5 0.50 0.33 0.83 
3 27.2 0.34 0.61 0.95 

5 26 0.24 0.75 0.99 

Methylene blue 1 66 0.46 0.35 0.81 
3 136 0.22 0.60 0.82 

5 192 0.11 0.76 0.87 

None 1 18.7 0.64 0.43 1.07 
3 27 0.38 0.83 1.21 

5 31.7 0.20 1.00 1.20 

Methylene blue 1 74 0.59 0.43 1.02 
3 159 0.23 0.79 1.02 

5 226 0.10 0.86 0.96 


*In the presence of 1.0 mg. of glucose as glucose-1-C"™. 


TABLE IV 
Radioactive C\* Balance Data Obtained from Incubating Human 


Erythrocytes with and without Methylene Blue 


In presence of 
Lactic counts 
Specific | Lactic |Glucose| acid lactic 3\5. 
Treatment acid rea, | specific Bly | 
glucose} Shrs. | hrs. | ity, 5 and | | 213 
rs. | Lactic | Glu- center | | 
acid | cose well 2 
total | total £ 3 
count, |count, =) 
5 hrs. | 5 hrs. 3 
meg. mg. | ¢.p.m c.p.m. \¢.p.m.| ¢.p.m 
None 0.75 | 0.24 | 1610 | 1210 | 430 | 45, 1685 | 0.94 | 0.89 
Methylene | 1800 | 
blue 0.76 | 0.11 752 | 550 | 200 1320) 2079 | 1.14 | 0.40 
None 1.00 | 0.20 | 700 | 700 174; 899 | 1.02 | 0.81 
Methylene | 870 
blue 0.86 | 0.10 | 324 | 278} 72 | 721) 1071 | 1.21 | 9.37 
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activity of lactate was 90 per cent of that of the added glucose. However, 
in the presence of the reversibly reducible dye the specific activity of the 
lactate produced was reduced to 40 per cent of that of the original sub. 
strate. 


DISCUSSION 


In confirmation of earlier studies by Barron et al. (1-3) non-nucleated 
erythrocytes in the presence of methylene blue show (a) enhanced oxygen 
consumption which was increased with increasing concentrations of dye, 
(b) increased glucose utilization, and (c) reduced formation of lactic acid. 

By employing specifically labeled glucose-C", the above observations 
were extended to show that the recovery of CO. from glucose-1-C"™ and 
glucose-2-C™ was proportional to the oxygen consumption of the system, 
that approximately twice as much of the carbon-1 was recovered, and 
that 95 per cent of the CO, recovered originated as carbons 1 and 2 of 
the glucose molecule. Virtually no CO, was obtained from glucose-6-C", 
further emphasizing that the oxidation of glucose by the methylene blue- 
activated mechanism was confined to the upper half of the hexose molecule. 
Furthermore, at least 85 per cent of the observed oxygen consumption 
was accounted for by the recovery of CO. from the upper half of the glu- 
cose molecule, and virtually all the tracer was accounted for in glucose, 
lactic acid, and oxidized CO. apparently within a cyclic system. 

These data appeared to fit the pattern of a continuously recycling glucose 
oxidative pathway similar to that developed as the hexose monophosphate 
shunt by Horecker and associates in yeast (12). This cyclic series resulted 
in the oxidation of carbons 1 and 2 of glucose in successive cycles through 
the enzyme systems with the production of triose, tetrose, pentose, hexose, 
and heptulose phosphates as intermediates. 

Were glucose-1-C" the initial substrate, all the lactic acid formed directly 
via glycolysis would be, theoretically, of the same order of radioactivity 
per mg. as the original hexose. Molecules of glucose labeled in carbon-l 
catabolized via the oxidative pathway, however, would lose all their 
radioactivity as CO, at the first decarboxylation to pentose phosphate. 
Thereupon, all successive intermediates, including triose 3-phosphate, 
and fructose 6-phosphate which may be converted to lactic acid, would 
have no radioactivity. In the presence of methylene blue, then, one would 
expect the lactic acid residue to have a lower specific activity than the 
original glucose. This was confirmed by the data; lactic acid formed in 
the absence of methylene blue retained 90 per cent of the radioactivity of 
the original substrate, whereas, in the presence of the dye, the activity 

decreased to 40 per cent. 

The probability of a hexose monophosphate shunt in red cells has been 
suggested in a number of reviews (13-15). These, however, referred to 
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studies on tissues other than erythrocytes. Indeed, many workers (16, 
17) concentrated on direct hexose oxidation in yeast cells, and more recent 
studies have extended the spectrum of tissues broadly (18), but not to 
include the red cell. 

Previous studies with intact erythrocytes have shown conclusively that 
there is negligible oxidation of glucose to CO: in this tissue. Warburg 
(19) demonstrated many years ago that mammalian erythrocytes have a 
very low respiration and this has been confirmed (20, 21). More recently, 
well documented studies (10, 11, 22) have pointed to negligible hexose 
monophosphate cycle activity in the normal intact red cell by demonstrat- 
ing that glucose carbon is not oxidized to CO: by erythrocytes, that ribose 
phosphate showed no turnover with the added radioactive glucose carbon, 
and that neither pentose phosphate nor heptulose phosphate was identified 
among other phosphorylated carbohydrate intermediates in the red cell. 
Dische (23), however, by employing erythrocyte hemolysates demon- 
strated that one could measure a net conversion of 75 per cent of ribose 
carbon added as adenosine, to hexose, mono, and hexose diphosphate 
esters. Furthermore, Horecker (24) has presented preliminary work to 
indicate that phosphogluconate can be oxidized to pentose phosphate 
by an enzyme from red cell hemolysates although he did not state the 
activity of the system. Intact erythrocytes, therefore, have the basic 
enzyme potential to recycle 5 carbon fragments to hexose 6-phosphate 
but not in themselves to oxidize glucose 6-phosphate. Methylene blue by 
virtue of its ability to carry electrons directly to oxygen supplies the spark- 
ing mechanism to the oxidation of hexose 6-phosphate, thereby permitting 
the glucose oxidative pathway to recycle in this tissue. It is known that 
other reversibly reducible dyes can also increase respiration in these cells 
and that the efficiency of each varies with both the permeability of the 
cells to the dye and with the oxidation-reduction potential of the dye (3). 

Previous studies of direct glucose oxidation in tissues have had to resort 
to purified enzyme systems on the one hand, or to various mathematical 
devices on the other, in order to isolate this metabolic schema from inter- 
fering oxidative reactions (12, 18). The methylene blue-red cell system, 
however, is devoid of interfering reactions, thereby eliminating the need 
for statistical correction factors. The red cell, easily obtained from all 
experimental animals, therefore serves as an ideal tissue with which to 
investigate these biochemical patterns and to elucidate the mechanisms 
by which the alternative pathways of glucose metabolism are controlled. 


SUMMARY 


The stimulation of the respiration of human erythrocytes by methylene 
blue has been investigated with the aid of glucose labeled with C'™, with 
the following results in the presence of methylene blue. 
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1. The rate of oxygen consumption and the rate of CO: production 
from glucose-1-C"™ and that of glucose-2-C" varied directly with the con- 
centration of the dye. 

2. A constant relation existed between the rate of recovery of CO, 
from glucose-1-C™ and that of glucose-2-C". No was recovered 
from glucose-6-C“%. CQO, from carbon atoms 1 and 2 accounted for 95 
per cent of the oxidation. 

3. The specific activity of the lactic acid formed was 40 per cent of that 
of the initial substrate. The lactic acid formed in the absence of the dye 
was 90 per cent as active as the initial substrate. 

4. At least 85 per cent of the oxygen consumption observed was ac- 
counted for by the CQ, recovered from glucose-C". 

It is concluded that methylene blue activates a glucose oxidative path- 
way in these non-nucleated erythrocytes. The red cell is a readily avail- 
able biological system in which glycolytic and oxidative pathways of 
glucose may be studied free from other interfering oxidative reactions. 


The authors gratefully acknowledge the technical assistance of Miss 
Lee DeCarli and Miss Elaine Hirshberg. 
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THE EFFECT OF THIAMINE -DEFICIENCY ON THE GLUCOSE 
OXIDATIVE PATHWAY OF RAT ERYTHROCYTES* 


By MYRON BRIN,f STEPHEN S. SHOHET, ann CHARLES 8S. DAVIDSON 


(From the Thorndike Memorial Laboratory, Second and Fourth (Harvard) Medical 
Services, Boston City Hospital, and the Departments of Biological Chemistry 
and Medicine, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, March 28, 1957) 


Thiamine pyrophosphate has been demonstrated recently to be an 
essential cofactor for the transketolation of pentose to heptulose in the 
hexose monophosphate shunt in addition to its well known function in 
pyruvate utilization by animal tissues (1-4). The observation that the 
glucose oxidative pathway of mammalian erythrocytes may be studied 
in vitro in the absence of interfering oxidative phenomena by the addition 
of methylene blue (5) made it possible to determine the effect, if any, on 
the transketolase reaction by acute thiamine deficiency, in this tissue. 

The data to be presented demonstrate that rat erythrocyte transketolase 
activity is reduced by the removal of thiamine from the diet. This lends 
further support to the argument that methylene blue activates the glucose 
oxidative pathway in erythrocytes, and, in addition, furnishes an assay 
for evaluation of thiamine nutrition of animals. 


EXPERIMENTAL 


Male rats, 250 in number, ranging in weight from 80 to 120 gm., were 
maintained in wire-bottomed cages and fed a purified thiamine-free diet! ad 
lintum. Control animals were raised similarly on a complete ration.' 
All the animals were fed and watered daily and weighed three times weekly. 
At intervals, blood was withdrawn by cardiac puncture in to a heparinized 
syringe and prepared for experimental use by centrifuging for 15 minutes 
at 1500 r.p.m., the plasma and buffy coat being removed and the packed 
cells diluted to the original volume with a phosphate saline buffer, pH 
7.4, NaCl 0.115 mM, KCl 0.004 m, MgCl: 0.005 m, NasHPO.-NaH2PO, 
0.020 m. The hematocrit reading was determined for the blood in each 
experiment. 


* This work was supported in part by the Office of the Surgeon General, Depart- 
ment of the Army, in part by a grant from Merck and Company, Inc., Rahway, New 
Jersey, andin part by a grant from the Lederle Laboratories Division of the American 
Cyanamid Company, Pearl River, New York, to Harvard University. 

t Present address, Food and Drug Research Laboratories, Inc., Maurice Avenue 
at 58th Street, Maspeth 78, New York, New York. 

1 Diets were obtained from the Nutritional Biochemicals Corporation, Cleveland, 
Qhio, as ‘‘thiamine-deficient diet’”’ and ‘‘vitamin test diet-complete ration.” 
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Standard Warburg technique was employed. Small flasks, 10 ml. in 
total volume, were prepared with a fluid volume of 1.2 ml. composed of 
0.2 ml. of 15 per cent KOH in the center well. In the main chamber 
were placed 0.4 ml. of prepared blood (hematocrit reading approximately 
0.4), 0.07 ml. of 0.05 per cent methylene blue (to give a final concentration 
of 0.0035 gm. per cent), 0.05 ml. of glucose solution (to give a final 
concentration of 100 mg. per cent), and 0.48 ml. of buffer, pH 7.4. These 
flasks were incubated at 38° under air for 3 hours, at which time they 
were removed from the bath. Center well contents were transferred and 
the C'O:2 was precipitated as the barium salt and counted in a Robinson 
flow counter. Filtrates were prepared by boiling the diluted flask contents, 
and these were analyzed for lactate and glucose as previously described 
(5), and for pentose by the iron-orcinol reaction in the following manner. 
To 3 ml. of reagent solution (2.5 gm. of orcinol plus 0.5 gm. of ferric alum 
dissolved in a final volume of 250 ml. with concentrated HCl) in a test tube 
were added 3 ml. of tissue filtrate. The tubes were agitated and placed in 
boiling water for 45 minutes. They were read while warm in the spectro- 
photometer at 685 my against a standard of p-ribose. 

All blood samples were incubated separately? with glucose-1-C' and 
glucose-2-C'*. The fraction of the total counts added initially which 
was recovered as CO, from glucose-1-C' and glucose-2-C" is presented as 
carbon-! and carbon-2 for each substrate, respectively. 


Results 


The rats on the thiamine-deficient diet grew normally for 11 days, when 
they began to lose weight; they continued to do so for the remainder of 
the experimental period. Typical data are shown in Fig. 1. Growth was 
resumed at a normal rate upon the administration of thiamine to the 
deficient individuals. Although these animals were in poor physical 
condition by the 10th day, they presented no gross nervous signs until the 
3rd or 4th week on the thiamine-deficient diet. 

The data which demonstrate that there is a significant biochemical 
abnormality in erythrocytes obtained from thiamine-deficient animals 
are shown in Table I. Pentose accumulated progressively in abnormal 
amounts as the deficiency developed. Red cells obtained from animals 
fed the deficient diet beyond 40 days accumulated pentose in amounts 
2 to 3 times the control value.? Oxygen consumption was depressed 


2 Glucose-1-C' and glucose-2-C™ refer to glucose substrates in which carbon-l 
and carbon-2, respectively, were labeled with C'. Carbon-1 refers to the aldehyde 
carbon of the molecule. 

’ In one experiment filtrates from a deficient and a control flask were treated with 
acid phosphatase, deionized, and chromatographed, and the pentose was estimated 
on the eluate of the chromatogram. Analyzed in this manner, the pentose accumula- 
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progressively as the deficiency developed, and more lactic acid accumulated 
in the severely deficient cells. | 

Further evidence of a biochemical aberration in the utilization of specifi- 
cally labeled glucose-C™“ in the presence of methylene blue, however, 
resides in the markedly depressed recovery of C'“O2 from glucose-2-C". 
Whereas the recovery of C'4O, from glucose-1-C™ was somewhat affected 
by the deficiency, that from glucose-2-C' was depressed in a manner 
directly related to the duration of the deficiency. At the time growth had 
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e © CONTROL (35 ANIMALS) 
<> © THIAMINDEFICIENT (35) 
PLUS THIAMINE (35) 


5 10 15 20 2 30 35 
DAYS ON DIET 
Fig. 1. The effect of thiamine deficiency on the growth of rats used in this study. 
The injection of thiamine intraperitoneally resulted in immediate resumption of the 
growth of deficient animals. 


ceased, the recovery of carbon-2 was but half and in severely deficient ani- 
mals it was depressed to but one-seventh the normal amount. These 
effects were evident before the deflection in the growth curve. 

In order to evaluate the specificity of the role of thiamine in relation 
to the metabolic effects observed in thiamine-deficient erythrocytes, both 
cells and animals were treated with the vitamin in vitro and in vivo, respec- 
tively. 

The data appear in Table II, A for the situation in which the parameters 
were measured in deficient cells, and for aliquots of these same cells, to 
which was added thiamine hydrochloride. Accordingly, the data are 


tion was 5 times the normal amount, compared to 3 times the amount when analyzed 
in the presence of glucose. 
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presented as paired data and significance may be determined both by the 
comparison of means and by the evaluation of correlation. 

For animals thiamine-deficient less than 40 days, the addition of thiamine 
to the erythrocytes resulted in vitro in a significant depression of the 
accumulation of pentose (p = 0.05) and a significant increase in the 


TABLE II 


Effect of Adding Thiamine to Erythrocytes from Thiamine-Deficient Rats 
on Glucose Oxidative Pathway in Presence of Methylene Blue 


Oxygen consumption,| Micrograms pentose Carbon-2 recovery, § 
ul. accumulation fraction* = 
Days on diet 3§ 
No Thiamine No Thiamine No Thiamine | ° 
thiamine | added | thiamine | added | thiamine added | ,9° 
A. Thiamine added in vitrof 
20-39 102 101 188.6 161.9 0.049 0.081 24 
+3.2/ +3.2 +9.2 +7.7 |} +0.005 | +0.007 
40-48 86 97 347 270 0.020 0.034 15 
+5.0; +30.6| +33.8; +0.002; +0.005 
B. Thiamine given in vivot 
Time after treat- 98 0.099 8 
ment, 0-12 hrs.§ +10.2 +0.01 
Time after treat- 175 0.090 29 
ment, 1-23 days] +15.1 +0.013 


* The fraction of carbon-14 recovered as C'O, from glucose-2-C™ as substrate. 

t In vitro: 50 to 100 y of thiamine hydrochloride were added to the Warburg flask. 

t In vivo: 1 mg. of thiamine hydrochloride was injected intraperitoneally at least 
three times per week. 

§ These animals were deficient 20 to 22 days before treatment. 

|| These animals were on the deficient diet an average of 43 days (20 to 65) before 
treatment. 


recovery of C'4O. from glucose-2-C™ (p = 0.001); both effects were in the 
direction of normalcy. 

The addition of thiamine to more deficient erythrocytes, from animals 
on the diet longer than 40 days, resulted in increased oxygen consumption, 
decreased pentose accumulation, and increased recovery of CO, from 
glucose-2-C"“, thereby demonstrating a reactivation of transketolase 
activity. The enhanced recovery of CO, was significant at the p = 0.05 
level. A decided correlation was shown in the data for oxygen consump- 
tion and the accumulation of pentose when thiamine was added, r = 0.68, 
and 0.54, respectively. Cocarboxylase acted in a fashion similar to that of 
thiamine in vitro. 
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In Table II, B are presented data for the situation in which thiamine 
hydrochloride was administered by injection to animals of a known state of 
thiamine deficiency (as explained in the footnotes in Table II). These 
data for treated animals, therefore, were compared for statistical purposes 
with data for equivalent deficiency states (Table I). 

In both the cases presented, namely for cells of animals fed the deficient 
diet an average of 21 days and studied 12 hours after treatment, and 
for cells of animals fed the deficient diet an average of 43 days and studied 
after 23 days of treatment, the accumulation of pentose was depressed 
(p = 0.05) and the recovery of C'*O, from glucose-2-C' was increased 
(p = 0.001); both modifications were in the direction of normalcy. 

The chemical aberrations due to thiamine deficiency, associated with 
the glucose oxidative pathway of rat erythrocytes, v2z., an elevated accu- 
mulation of pentose, and a depressed oxidation to C“O: of the 2nd carbon 
of glucose, were therefore corrected significantly, although not completely, 
by treatment of the cells in vitro and of the animals in vivo with thiamine 
hydrochloride. 


DISCUSSION 


The present study supports and extends the argument presented pre- 
viously (5) that methylene blue activates the glucose oxidative pathway in 
non-nucleated erythrocytes. According to this schema, were transketo- 
lase inhibited, pentose would accumulate. Accordingly, the carbon-l 
of pentose, formerly the carbon-2 of the initial glucose, would not recycle 
to hexose phosphate and would not be oxidized to COo. Oxygen consump- 
tion would vary in direct relation to the decarboxylation of glucose. 

The thiamine-deprived red cell system has satisfied all these criteria. 
As the deficiency became more severe, more pentose accumulated in the 
cells and less carbon of the original glucose-2-C™ was oxidized to C'QO:. 
These effects demonstrated a marked depression of transketolase activity. 
Moreover, severely deficient cells demonstrated less oxygen consumption 
and an increased accumulation of lactate. These observations are directly 
in accord with previous studies on the methylene blue effect in erythrocytes 
(5, 6). 

The metabolic defects directly related to transketolase activity which 
were observed in deficient red cells were modified significantly towards the 
normal situation when thiamine hydrochloride was added to deficient 
erythrocytes in vitro on the one hand, and to intact deficient animals 
in vivo on the other. The results which were observed in the treated cells 
serve to emphasize the specific role of thiamine for transketolase activity as 
measured in the intact erythrocyte. 

Though it is worthy of note that complete reversal of the biochemical 
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effects of the deficiency was not attained, especially in the most severely 
deficient cells, one should consider that it has been previously observed 
in deficiency states of other vitamins that replacement therapy may not 
completely correct the biochemical aberrations (2, 7), though the physical 
signs may be alleviated, although often slowly. Whether the residual 
nerve effects are due to the lesion in the oxidation of a-keto acids or that in 
the transketolation of pentose, or to some other as yet undiscovered pri- 
mary or secondary function of thiamine pyrophosphate, remains to be 
determined. Although it has been reported that hexose monophosphate 
oxidation in brain tissue is minimal (8), this does not preclude the need for 
the transketolase enzyme in the utilization of carbohydrate metabolites 
necessary for the maintenance of cellular activity. Indeed, the essentiality 
of the pentose-transketolase system for the maintenance of cellular in- 
tegrity is most strongly emphasized by recent experiments on the main- 
tenance of viable red blood cells in storage (9). 

From a nutrition standpoint it issignificant that the metabolic aberrations 
of erythrocyte metabolism caused by thiamine deficiency can be evalu- 
ated on as little as 1 ml. of blood by employing the described techniques. 
Previously, the status of thiamine nutrition of an individual has been 
evaluated by combining gross examination with chemical studies. This 
examination included measuring the urinary excretion of the vitamin, the 
thiamine and cocarboxylase levels in blood (10), or the levels of blood 
pyruvic and lactic acids before and after exercise (11). According to the 
techniques presented in this paper, one can, on as little as 2 ml. of blood, 
measure the activity of a thiamine-connected enzyme in intact erythrocytes, 
and simultaneously measure the effect of thiamine replacement therapy 
with the same cells in order to confirm a thiamine deficiency. The appli- 
cation of this technique to human nutrition is now under investigation in 
this laboratory,‘ and a preliminary report has been rendered (12). 


SUMMARY 


The glucose oxidative pathway of thiamine-deficient rat erythrocytes 
(in the presence of methylene blue) is slowed markedly at the transketolase 
step. In severely deficient erythrocytes, pentose accumulates to levels 3 
times the normal level and the recovery of CO, from glucose-2-C" is 
depressed to one-seventh the normal level. These biochemical aberrations 
appear before growth ceases in the growing rat, and are alleviated signifi- 
cantly by treatment of the cells in vitro with thiamine hydrochloride or 
cocarboxylase or by the intraperitoneal injection of the vitamin in vivo. 
The use of this technique for an assay of nutritional status has been indi- 
cated. 


‘Wolfe, S. J., Brin, M., and Davidson, C. 8., submitted to J. Clin. Invest. 
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AMINO ACID IMBALANCE ON LOW FIBRIN DIETS* 
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(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, June 19, 1957) 


Young growing rats fed on a 9 per cent casein diet containing choline 
and supplemented with methionine and tryptophan develop a_ partial 
deficiency of threonine which is characterized by the accumulation of fat 
in the liver (1, 2). The condition was shown to be due to an amino acid 
imbalance (3). Later, other proteins such as fibrin, egg albumin, and those 
of beef and pork were studied (4). With all proteins except fibrin, the 
addition of methionine and tryptophan to the low protein diets precipitated 
a threonine deficiency and fat accumulated in the liver to the extent of 
25 to 30 per cent expressed on a dry weight basis. No accumulation of 
fat was observed in the livers of rats receiving fibrin even when the protein 
level was reduced from 9 to 6 per cent in the diet. A very poor rate of 
gain was observed, however, when the diet contained only 6 per cent of 
fibrin. Since fibrin contains nearly twice as much threonine as is present 
in most of the other proteins studied, and since with the low level of fibrin 
the need for threonine may be less because of the low rate of gain, an 
investigation of amino acid imbalances and liver fat deposition has been 
undertaken with rats fed on diets containing low levels of fibrin. 


EXPERIMENTAL 


Male weanling rats of the Sprague-Dawley strain, weighing 40 to 50 
gm., were used. The rats were housed in individual suspended cages and 
fed ad libitum during the experimental period of 2 weeks. At the end of 
the experiments in which liver fat deposition was studied, the animals 
were stunned by a blow on the head and decapitated. Livers were re- 
moved immediately and stored at —4° until the estimations of fat were 
carried out. Fat was determined by ether extraction of the dried and 
ground liver. | 

The basal diet used in the various experiments consisted of the following: 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the Nutrition 
Foundation, Ine., New York, the National Livestock and Meat Board, Chicago, 
Illinois, and the Research Committee of the Graduate School from funds supplied 
by the Wisconsin Alumni Research Foundation. The crystalline vitamins were 
kindly provided by Merck Sharp and Dohme Research Laboratories, Rahway, New 
Jersey. 
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Fibrin,! 6; corn oil, 5; Salts 4 (5), 4; vitamin mixture, 0.25; choline chloride, 
0.15 per cent; and the various amino acid supplements as indicated. 
Sucrose or dextrin, as indicated in the text, was added to make the ration 
100 per cent. The vitamin mixture provided, in mg. per 100 gm. of diet, 
the following: thiamine, 0.5; riboflavin, 0.5; niacin, 2.5; calcium pantothe- 
nate, 2.0; pyridoxine, 0.25; biotin, 0.01; folic acid, 0.02; vitamin By, 
0.002; and inositol, 10.0. 50 mg. of ascorbic acid were added to each kilo 
of the diet to prevent possible losses of thiamine (6). 2 drops of halibut 
liver oil fortified with vitamins E and K were administered weekly to each 
rat (7). 


Results 


The effect on growth of supplementing the basal diet with the limiting 
amino acids is shown in Table I. These supplements were such that, 
together with the amino acids from fibrin, they should have met the 
requirements of the rat. 

When methionine, which was calculated to be the most limiting amino 
acid, was added, growth was depressed. Phenylalanine had a similar but 
less pronounced growth-retarding effect. When histidine, which was 
considered to be the next limiting amino acid, was added, growth was not 
depressed; instead a slight growth stimulation resulted. When combina- 
tions of these amino acids were used, they proved more deleterious than 
the individual amino acids (Groups 5 and 6). A mixture of leucine, 
isoleucine, and valine, together with methionine, phenylalanine, and 
histidine, had a distinct growth-promoting effect (Group 10). Again 
incomplete combinations (Groups 7 to 9) were ineffective in overcoming 
the growth depression. 

Lysine and threonine, deficiencies of which have been implicated in the 
accumulation of fat in the liver, were ineffective in overcoming the imbal- 
ance (compare Groups 5, 14, and 15). 

Further information on the role of the individual amino acids in either 
creating or correcting the imbalance was obtained from the results given 
in Table II. Methionine and phenylalanine which depressed growth when 
added to the 6 per cent fibrin diet were found to be necessary for maximal 
growth when the other four amino acids were present (Groups 1 to 5). 
Growth was severely retarded if histidine, leucine, isoleucine, or valine 
was omitted from the mixture. 

Results showing the effect on the accumulation of fat in the liver when 
the various imbalanced diets were fed are given in Table III. It may be 
seen that in groups fed on the basal diet there was a slight tendency towards 


1 Ground beef blood fibrin, Armour and Company, Chicago, Illinois. 
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de, TABLE 
ad. Effect of Limiting Amino Acids on Growth of Rats Fed on 6 
on Per Cent Fibrin-Sucrose Diet 
— Diet Gain in weight 
12, gm. per 2 wks. 
ilo 1 6% fibrin-sucrose (basal) 14.2 + 1.0 
ut 2 Basal + 0.4% pu-methionine 9.6+ 1.2 
ch 3 0.6% pvu-phenylalanine 12.1 + 0.9 
4 ‘6+ 0.2% t-histidine- HCl 16.3 + 1.3 
5 ¢ + 0.4% pu-methionine + 0.6% pu-phenylalanine 5.6 + 0.6 
6 + 0.4% + 0.6% + 
2% u-histidine- HCl 5.6 + 0.9 
ig 7 No. 6 + 0.4% t-leucine 8.6 + 0.6 
t, 8 6 + 0.4% pi-isoleucine 7.34 1.1 
e 6 + 0.6% pti-valine 5.0 + 0.7 
10 “ 6+ 0.4% t-leucine + 0.4% pt-isoleucine + 0.6% pti- 
valine 30.6 + 1.8 
10 11 Basal + 0.4% t-leucine + 0.4% pt-isoleucine + 0.6% pt- 
It valine 10.6 + 1.2 
1S 12 | Basal + 0.4% t-leucine + 0.4% pt-isoleucine + 0.6% pi- 
it valine + 0.2% t-histidine- HCl | 16.3 + 1.3 
13 No. 5 + 0.1% t-arginine 6.1 + 0.6 
r 14 “ 5+ 0.5% t-lysine-HCl 6.0 + 0.4 
n 15 ‘* 5+ 0.4% vu-threonine 5.5 + 1.0 
16 5 + 0.1% pi-tryptophan 5.5 + 0.7 
d 
TABLE II 
B Effect of Omitting Single Amino Acid on Growth of Rats Fed on 6 Per Cent 
Fibrin Diet Supplemented with Six Amino Acids* 
Diet Growth 
gm. per 2 wks. 
j 1 6% fibrin-sucrose (basal) 13.5 + 1.2 
L 2 Basal + 0.4% pu-methionine + 0.6% pui-phenylalanine 5.0 + 0.8 
L 3 ‘¢ + 6 amino acids* 29.0 + 2.2 
l 4 No. 3 minus methionine 20.1 + 1.8 
5 “ 3 =‘ phenylalanine 12.0 + 0.4 
6 “« 3 ** histidine 8.0 + 1.2 
7 3 Jeucine 3.0 + 0.9 
8 3 ** isoleucine 452+ 1.0 
9 3 valine 5.0 + 0.9 
* The following amino acids were added: pL-methionine, 0.4 per cent; pL-phenyl- 
alanine, 0.6 per cent; L-histidine-HCl, 0.2 per cent; L-leucine, 0.4 per cent; pL-iso- 
leucine, 0.4 per cent; and pL-valine, 0.6 per cent. 
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fatty infiltration. However, the liver fat values were normal when growth 
was retarded as a result of imbalances. The growth stimulation obtained 
when six amino acids were included (Group 7) was accompanied by an 


TaBLeE III 


Growth and Liver Fat in Rats Fed on 6 Per Cent Fibrin Diet 
Supplemented with Amino Acids* 


a ag Diet Growth Liver fat 
gm. per 2 wks. (percent dry weight 
1 | 6% fibrin-sucrose (basal) 14.2 + 1.0 | 18.6 + 2.3 
2 | Basal + 0.4% pu-methionine 9.6 + 1.2) 11.4 + 2.0 
3 0.1% pvu-tryptophan 12.6 + 1.2 14.5 4 1.1 
4 0.4% pvit-methionine + 0.1% vu-tryp- 
tophan 9.0 + 1.1 | 12.5 + 2.1 
5 | Basal + 0.4% pvui-methionine + 0.1% pu-pheny!l- 
alanine 6.6 + 0.8 | 13.5 + 1.6 
6 | No. 5 + 0.2% t-histidine-HCl 6.341.0/ 7.8 + 1.1 
7 | Basal + 6 amino acids* 30.6 + 1.8 | 37.6 + 1.8 
8 | No.7 + 0.6% t-lysine-HCl 34.3 + 0.4 | 25.9 + 1.6 
9 ‘“* 7+ 0.5% pu-threonine 29.0 + 1.0 | 29.5 + 2.5 
10 74+ 0.6% t-lysine-HCl] + 0.5% pu-threonine 33.5 + 1.5 | 19.9 + 1.2 


* See the footnote to Table II. 


TaBLeE IV 


Growth and Accumulation of Liver Fat in Rats Fed 6 Per Cent Fibrin-Dextrin 
Diet Supplemented with Amino Acids* 


— Diet Growth Liver fat 

gm. per 2 wks. |per cent dry weight 

1 6% fibrin-dextrin (basal) 29.3 + 2.6 | 17.6 + 1.6 

2 Basal + 0.4% pvui-methionine 28.8 + 3.6 | 18.1 + 2.9 
3 0.4% + 0.6% vu-phen- 

ylalanine 16.5 + 1.0 | 12.1 + 1.7 

4 Basal + 6 amino acids* 39.2 + 1.0 | 24.5 + 2.2 

5 | No. 4+ 0.6% t-lysine- HCl 43.8 + 3.1 | 16.1 + 0.8 

6 4+ 0.5% vu-threonine 40.5 + 19.9 + 1.2 

7 4+ 0.6% t-lysine-HCl + 0.5% pu-threonine| 42.5 + 2.7 | 16.1 + 1.1 


* The amino acid supplements were the same as those in Table IT. 


accumulation of fat in the liver. These fatty livers responded more to 
lysine than to threonine. The effect of lysine and threonine together was 
more pronounced than that of either of the individual amino acids. In 
no case, however, were the liver fat values reduced quite to normal (Groups 
8, 9, and 10). 

In other experiments dextrin was used as the dietary carbohydrate in 
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place of sucrose and the various groups were repeated. In this case the 
growth rate was twice that obtained with sucrose although it was still 
suboptimal. The results given in Table LV show that the imbalance caused 
by methionine was not as severe as when sucrose was used. Otherwise 
the results for growth, as well as for liver fat, for the various groups fol- 
lowed a pattern similar to that described for the sucrose series. 


DISCUSSION 


The results presented in this paper illustrate an amino acid imbalance 
that is more complex than any reported previously. From the analytical 
data, methionine and phenylalanine appeared to be the amino acids most 
limiting for growth in the diet containing 6 per cent of fibrin; these were 
considered to be followed by histidine, leucine, isoleucine, and valine in 
this order. However, from Table I it can be seen that the addition of 
methionine and phenylalanine caused a growth depression rather than a 
stimulation and that histidine was without effect. Further studies (‘Tables 
I and II) indicated that, of the six amino acids tested, methionine was the 
least deficient (Groups 1, 3, and 4 in Table II) and that the sequence in 
which they became limiting for growth was leucine, isoleucine, valine, and 
histidine, all approximately equally so, followed by phenylalanine and then 
methionine. 

The difference between the experimental results and the theoretical 
sequence suggests either that the accepted amino acid requirements are 
too high or that the availability of some of these amino acids from fibrin 
is not complete; perhaps it is a combination of both. 

Several instances have been reported in which the addition of a small 
amount of the second most limiting amino acid to a low protein diet has 
been found to increase the severity of the deficiency of the amino acid that 
was most limiting for growth (8, 9). The situation in the present instance, 
although more complex, follows this general pattern. In the earlier ex- 
ample, addition of a single amino acid that was not limiting created a more 
severe deficiency of the single amino acid that was most limiting. In this 
case, there are four almost equally limiting amino acids. The addition of 
the next most limiting amino acids, methionine and phenylalanine, either 
alone or in combination apparently increased the severity of the deficien- 
cies of the four most limiting amino acids, leucine, isoleucine, valine, and 
histidine. 

The exact quantitative relationships necessary for the creation of an 
amino acid imbalance have not been established. However, from the 
present studies (Table II), as well as from previous observations on amino 
acid imbalances (10-13), it is evident that supplementation with a mixture 
of all the essential amino acids except the most limiting is a reliable and 
reproducible method of creating a severe imbalance. 
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The data further provide an explanation for the previous observations 
of Winje and coworkers (4) that no fatty livers were produced when rats 
were fed a low protein diet containing fibrin. Dietary deficiencies of one 
or two specific amino acids may cause the development of fatty livers in 
rats fed low protein diets containing choline (1, 2). Therefore, when the 
need for such amino acids is increased, as is the case when growth is im- 
proved, partial deficiencies would occur resulting in the development of 
fatty livers. As long as growth remained poor and certain minimal 
amounts of the ‘‘lipotropic”’ amino acids were provided, normal liver me- 
tabolism might be expected. Reference to Table III shows that when the 
imbalance was corrected by the addition of six amino acids and growth was 
improved, fat accumulated in the liver. When growth was poor, the 
quantity of liver fat was not abnormal. Since the quantities of lysine and 
threonine in the diets of Groups 1 to 7 (Table III) were the same, it follows 
that, when growth was improved, more of each of these amino acids were 
used for body protein synthesis and less were available for their ‘‘lipotropic” 
function. When additional quantities of lysine and threonine were pro- 
vided, liver fat approached a normal value. In this case, in contrast to 
the results with a 9 per cent casein diet, lysine was required as well as 
threonine. 

It may be pointed out that growth in all these experiments was subopti- 
mal. When sucrose was replaced by dextrin, much better growth was 
obtained (compare Tables I and IV). This would be in agreement with 
the observation that the protein requirement, expressed as a percentage 
of the diet, is greater when sucrose is the dietary carbohydrate (14). 


SUMMARY 


Amino acid imbalances have been created by supplementing a low pro- 
tein diet containing 6 per cent of fibrin with various combinations of amino 
acids. 

When methionine and phenylalanine, the amino acids calculated to be 
most limiting for growth, were added, either alone or together, a complex 
imbalance involving leucine, isoleucine, valine, and histidine was created. 

Supplementation of the 6 per cent fibrin diet with the six amino acids 
stimulated growth but at the same time caused fat to accumulate in the 
liver. These fatty livers responded to lysine and to threonine. A com- 
bination of lysine and threonine, however, was more effective than either 
of the individual amino acids. 

When sucrose was replaced by dextrin, although growth was substan- 
tially improved, the same effects of the various amino acid supplements 
on growth and liver fat deposition were observed. 
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AMINO ACID IMBALANCE AND NITROGEN RETENTION* 
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(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, June 19, 1957) 


It is 12 years since Krehl and coworkers (1, 2) reported that the growth 
of young rats fed on low protein diets deficient in niacin and tryptophan 
was retarded when a tryptophan-deficient protein supplement such as 
gelatin or zein was added to the diet, and that the growth retardation was 
prevented if additional tryptophan was provided. In the interval, amino 
acid imbalances involving practically all of the essential amino acids have 
been demonstrated in several species of animals raised on variously supple- 
mented diets containing cereals or purified proteins (3-7). Growth re- 
tardations have generally served as a means of detecting amino acid im- 
balances; however, in some instances other metabolic defects such as an 
accumulation of fat in the liver (8, 9) and changes in the activities of cer- 
tain liver enzyme systems (10, 11) were found. 

Observations on the relationship between amino acid imbalance and 
liver fat deposition suggest that the proportions of amino acids required 
for certain specific physiological processes may differ from those required 
for growth. When the rate of gain is increased by providing the amino 
acid most limiting for growth, more of the other amino acids are probably 
used for tissue protein synthesis and less may be available for specific 
functions such as the control of liver fat deposition (9). With regard to 
the growth-retarding effect of amino acid imbalance, it seems likely that, 
when additional amino acids which cannot be used for tissue protein syn- 
thesis are excreted, there may also be some increase in the loss of the amino 
acid which is most limiting for growth (12); such a loss would depress the 
growth rate. It seems likely that a general increase in amino acid catabo- 
lism might result from the creation of an amino acid imbalance which re- 
tards growth. 

The present investigation on the effect of amino acid imbalance on ni- 
trogen retention in rats fed a low protein diet containing 6 per cent of fibrin 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the Nutrition 
Foundation, Inc., New York, the National Livestock and Meat Board, Chicago, 
Illinois, and the Research Committee of the Graduate School from funds supplied 
by the Wisconsin Alumni Research Foundation. The crystalline vitamins were 
kindly provided by Merck Sharp and Dohme Research Laboratories, Rahway, New 
Jersey. 
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was undertaken in order to extend the previous observations. Various 
imbalances which can be created by using such a dietary regimen and the 
effect of these amino acids on growth and on liver fat deposition have been 
reported in the preceding paper (7). 


EXPERIMENTAL 


The basal diet used in these experiments was the same as that described 
in the preceding paper (7). Weanling rats of the Sprague-Dawley strain, 
weighing 40 to 50 gm., were used. They were kept in metabolism cages 
and fed ad libitim. Urine and feces were collected during the periods 
specified in the text and a record of food consumption and weight gain was 
kept. 

The diets were designated as A, B, and C. Diet A was the basal, con- 
taining 6 per cent of fibrin unsupplemented. Diet B also contained 6 
per cent of fibrin, but 0.4 per cent of pL-methionine and 0.6 per cent of 
pL-phenylalanine were added to produce a severe imbalance. Diet C was 
prepared by adding to the basal diet the following: pi-methionine, 0.4; 
pL-phenylalanine, 0.6; L-histidine-HCl, 0.2; t-leucine, 0.4; p1-isoleucine, 
0.4; and pt-valine, 0.6 per cent. This mixture prevented the imbalance 
and stimulated growth. 

Two groups of rats (six animals per group) were observed simultaneously. 
Group 1 was fed on Diet A for a preliminary period of 5 days to allow the 
animals to adapt to the diet. Collections of urine and feces were made for 
the next 3 days. Then, after a 4 day interval, collections were again made 
for another 3 day period. After this second collection period, the rats 
were fed Diet B which produced a severe imbalance (7). Again urine and 
feces were collected daily for 3 days and, after an interval of 4 days, pooled 
collections were made for another 3 day period. Subsequently the animals 
were fed Diet C which prevented the imbalance and stimulated growth 
(7). As before, individual 24 hour collections of urine and feces were made 
for 3 days and, after 4 days, pooled collections were made for another 3 
day period. 

The second group of rats was started on Diet B which produced an im- 
balance and, after two 3 day collections had been made, they were placed 
on Diet C. After 10 days on this diet, during which time collections were 
made as for the previous group, the animals were again placed on Diet B. 
Collections were repeated on this diet as before. 

The urine samples were collected in bottles to which a few ml. of dilute 
sulfuric acid were added. The samples were stored in a refrigerator until 
the determinations of nitrogen were made. 

The feces were collected on a fine mesh wire screen at the bottom of the 
cage and were also stored in a refrigerator. 
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Nitrogen determinations were made by a Kjeldahl method with copper 
sulfate as the catalyst. 


Results 


The average nitrogen intake calculated from the food consumption, the 
nitrogen retention, and the growth of the two groups are shown in Figs. 
land 2. It will be seen from Fig. 1 that, when on the 15th day (Point B) 
methionine and phenylalanine were added to the 6 per cent fibrin diet, 
there was a sudden drop in food consumption for 2 days as shown in the 
graph for nitrogen intake. This had a corresponding effect on the total 
nitrogen retention and on growth. The percentage of ingested nitrogen 
retained dropped from 76 to 59, while total nitrogen retention fell from 55 
to 25mg. perday. When, at Point C, Diet C was given, therewasa sudden 
increase in food consumption from 6 to 9 gm. per day. The total nitrogen 
retention increased from 40 to 65 mg. per day, but there was little change 
in the percentage of ingested nitrogen that was retained. The average 
gain in weight during this period was 3 gm. per day as against 0.6 gm. per 
day during the previous regimen. 

Reference to Fig. 2 shows a similar trend for both nitrogen retention and 
growth. At Point C (Fig. 2), Diet B was replaced by Diet C which resulted 
in increased food consumption and an increased rate of growth. Both the 
total and the per cent nitrogen retention increased for the Ist day, but on 
the 2nd day, since there was a drop in food consumption, there was a dip 
in the total nitrogen retention. At Point B; when Diet B was substituted 
for Diet C, food intake, total nitrogen retention, and the percentage of 
ingested nitrogen retained all decreased. 


DISCUSSION 


Results presented in this paper show that the addition of amino acids 
which create an imbalance leads to reductions in food intake, in total ni- 
trogen retention, and in the percentage of ingested nitrogen retained. 
The fall in nitrogen intake was 42.7 per cent, while the fall in total nitro- 
gen retention was 53.5 per cent within 24 hours. This suggests that the 
decreased food intake is a reflection of a decreased ability of the rat to use 
nitrogen for body protein synthesis. 

In another experiment one group of rats was fed ad libitum on Diet A 
while a similar quantity of Diet B was forcibly fed to a second group to 
determine whether the decrease in nitrogen retention observed in rats fed 
on Diet B could be magnified by preventing the decrease in food intake. 
It was observed that most of the rats in the forcibly fed group died within 
2 or 3 days, which further suggested that the rapid fall in the food consump- 
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tion of rats fed the imbalanced diet ad libitum was due to their inability 
to metabolize this diet in an efficient manner. 
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Fic. 1. Effect of amino acid imbalance on growth, nitrogen intake, and nitrogen 
retention of young rats. See the text for an explanation. 


The subsequent increase in the consumption of the imbalanced diet 
indicates an ability of the animal to adapt to this diet. At Point C, al- 
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though the percentage of ingested nitrogen retained was practically the 
same for Diets B and C, the total nitrogen retention showed a sudden rise 
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Fig. 2. Effect of amino acid imbalance on growth, nitrogen intake, and nitrogen 


retention of young rats. 


See the text for an explanation. 


because of the extra food consumed. These observations might be ex- 
plained on the basis of the relative proportions of the various amino acids 
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that are supplied in the different diets. Such a picture is presented sche- 
matically in Fig. 3. 

The solid bars represent the proportions in which the essential amino 
acids are required by the young rat based on the requirement for trypto- 
phan as unity, as calculated from Rose’s data (13). The open and the 
shaded bars represent the proportions of the same amino acids, with tryp- 
tophan as unity, in the 6 per cent fibrin diet (Diet A) and in the diet con- 
taining 6 per cent of fibrin plus six amino acids (Diet C), respectively. 
Since the actual amount of tryptophan required by the growing rat and 
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Fic. 3. Comparison of relative amino acid requirements of the rat with relative 
proportions of amino acids in Diets A and C. 


that present in the two diets is the same (0.2 per cent of the diet), the 
figure represents not only the proportions but also the actual amounts. 
The proportions supplied by 6 per cent of fibrin show deficiencies of all 
amino acids except tryptophan and arginine and growth is limited by the 
most deficient amino acids, leucine, isoleucine, valine, and histidine, all of 
which are limiting to the same extent (7). When methionine and phenyl- 
alanine are added, the deficiencies of the most limiting amino acids become 
more severe, but this effect is overcome when leucine, isoleucine, valine, 
and histidine are added. However, when the six amino acids are provided, 
growth is still below normal and lysine still meets only a portion of the 
requirement. Therefore, an excess of some of the additional amino acids 
in Diet C would not be used for protein synthesis; thus the per cent nitro- 
gen retention might be lower with Diet C than with the basal diet. This 
indicates that, although the rate of growth is determined mainly by the 
absolute amount of the limiting amino acid ingested, efficiency of utiliza- 
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tion of nitrogen is determined by the relative proportions of the various 
amino acids. 

Salmon (12) and Sauberlich and Salmon (14) have suggested that, when 
the surplus amino acids which cannot be utilized for tissue protein synthesis 
are excreted, there is some loss of the most limiting amino acid. This 
explanation finds some support in the observations of Sauberlich et al. (15) 
and Schweigert (16), who reported a significantly higher percentage ex- 
cretion of ingested amino acids from incomplete proteins than from com- 
plete proteins. Beyer et al. (17) and Kamin and Handler (18) infused 
leucine into the blood of a dog and observed that this increased the level 
of isoleucine excreted in the urine. This increased loss of amino acids in 
urine may reflect an attempt by the animal to eliminate excess amino acids. 
However, the losses were not great enough to account for the low rate of 
growth (14). The present investigations suggest that, immediately after 
the ingestion of the imbalanced diet, amino acids are more rapidly catabo- 
lized, resulting in increased nitrogen excretion, which in turn leads to a 
rapid drop in the food consumption. There then appears to be an improve- 
ment in the nitrogen utilization with the lower food intake. Therefore, 
it seems important to study the effect of an amino acid imbalance on ni- 
trogen metabolism during this transition period. 


SUMMARY 


Retention of ingested nitrogen in rats fed a 6 per cent fibrin diet supple- 
mented with amino acids has been studied. 

When the 6 per cent fibrin diet was fed without any supplement, 76 per 
cent of the nitrogen was retained. 

Addition of methionine and phenylalanine, which created an imbalance, 
caused a reduction in food consumption, in total nitrogen retention, and 
in the per cent of ingested nitrogen retained. 

On adding four more amino acids to overcome the imbalance, food in- 
take was increased, total nitrogen retention increased, and there was a 
gradual rise in the percentage of ingested nitrogen retained. 

The results show that, when an amino acid imbalance is created, the 
animal’s appetite is less, as is also its capacity to retain ingested nitrogen. 
These two changes result in severe growth depression. 
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It has been found by Haynes and Berthet (1) that steer adrenal slices 
showed an increased phosphorylase activity after stimulation in vitro 
by ACTH.' In view of the findings by Sweat and Lipscomb (2) and 
Grant and Brownie (3) that TPNH is involved in the hydroxylation of the 
11 position of corticosteroids, and of the presence of a high level of glucose- 
6-phosphate dehydrogenase in adrenal tissue (4), the following hypothesis 
as a major mechanism of ACTH action was proposed. The increased 
phosphorylase activity made G6P available. This substance by oxidation 
by glucose-6-phosphate dehydrogenase increased the concentration of 
TPNH and hence the rate of steroid hydroxylations or other TPNH- 
dependent reactions in the biogenesis of corticosteroids. Thus, one of 
the major limiting factors under ACTH control in the synthesis of the 
adrenal steroid hormones is the availability of TPNH. It was with the 
intention of testing this hypothesis that the experiments to be described 
were undertaken. 


EXPERIMENTAL 


The analytical and incubation procedures used have been described 
previously (5). 


Results 


The first question which presented itself was whether the sectioned rat 
adrenal, which will respond to ACTH in vitro with an increased corticoid 
output (6, 7), will respond in the same manner to TPN? in the presence 
of various substances which one would expect to reduce the TPN? in the 


* This work was supported in part by research grant No. NSF-G664 and No. NSF- 
G1448, from the National Science Foundation and the United States Atomic Energy 
Commission, contract No. AT (30-1)-918. 

1 Abbreviations used in this paper are as follows: TPN*, triphosphopyridine 
nucleotide; TPNH, reduced TPN*t; G6P, glucose 6-phosphate; DPN*, diphosphopy- 
ridine nucleotide; ACTH, adrenocorticotropic hormone; G1P, glucose 1-phosphate; 
F6P, fructose 6-phosphate; FDP, fructose 1,6-diphosphate; 6PG, 6-phosphogluco- 
nate. 
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presence of the appropriate enzyme. It may be seen from the data in 
Tables I and II that TPN*+ in the presence of G6P, fumarate, malate, 
F6P, or 6PG results in a 3- to 7-fold increase in corticoid output. TPN+ 
alone or G6P alone had little effect (Experiment 1, Table II). In one ex- 
periment, TPNt in the presence of excess G6P gave a maximal response 
at 2 mg. per ml. (Table I). DPN* alone or in the presence of various 
substances which might be expected to reduce it had little effect. The 
excellent response with F6P is thought to be due to a contamination of 
the F6P preparation with G6P because much lower concentrations of F6P 
showed a smaller effect than equally low concentrations of G6P. How- 


TABLE | 

Effect of TPN* and G6P on Corticoid Output by Rat Adrenal in Vitro 

TPN+t G6P* Corticoid outputt 
mg. per ml. mg. per ml. 

0 0 4.52 + 0.05 
0.2 1.5 9.85 + 0.30 
1.0 1.5 17.7 + 0.2 
2.0 1.5 21.9 + 2.7 
4.0 1.5 22.3 + 1.0 


Each beaker contained 1.6 ml. of Krebs-Ringer-bicarbonate-glucose (200 mg. per 
cent) and the indicated additions plus saline to a final volume of 2.0 ml. Incuba- 
tion was for 1.0 hour at 37° in 95 per cent O2-5 per cent CO, in a Dubnoff metabolic 
incubator. An hour preincubation in 2.0 ml. of Krebs-Ringer-bicarbonate-glucose 
was routinely carried out (8). Incubations were in duplicate and the results are 
expressed as the mean + the variation from the mean. 

* Doubling the concentration of G6P had no effect on the results. 

t Corticoid output is expressed as micrograms of cortisol per 100 mg. of wet weight 
of tissue. 


ever, this question is being further investigated. From the above data it 
would appear that TPNH by itself is capable of evoking a good response 
with respect to corticoid output in adrenal sections which can also respond 
to ACTH. 

If the sole action of ACTH is to increase a limiting concentration of 
TPNH in the adrenal, then one might expect that adrenal tissue stimulated 
to the maximal extent possible with ACTH alone will not respond to 
TPN+t + G6P. Or conversely, adrenal tissue stimulated to the maximal 
extent with TPN*+ + G6P will not respond to an additional ACTH stimu- 
lus. The data resulting from the test of these possibilities are presented 
in Table III. It may be seen in Experiment 3, for example, that adrenals 
maximally stimulated with ACTH show a further increase in corticoid 
output on the addition of TPN+ + G6P. In Experiment 4, in which 
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TaBLeE III 


Response of Rat Adrenal Glands in Vitro to ACTH in Presence of TPN* and G6P 


ACTH 
ment Addition Corticoid output CoP as 
of ACTH 
effect alone) 
1 None 8.93 + 0.53 
ACTH* 13 mu. 20.6 + 1.5 | 11.7 
TPN+ + G6P | 0.1 mg. + 1.5 mg. 15.1 + 0.4 6.2 
at * 435 “ 26.7 + 0.0 | 17.8 99 
+ ACTH + 13 mu. 
2 None 8.30 + 0.30 
ACTH 250 mu. 30.3 +4 1.0 | 22.0 
TPN* + G6P | 1.5 mg. + 0.1 mg. 12.9 + 1.0 4.6 
15 +0.1 29.7 21.4 76 
+ ACTH + 250 mu. 
TPNt + G6P | 1.5 mg. + 1.0 mg. 29.4 + 3.1 | 21.1 
15 +1.0 42.9 +1.5 | 34.6 61 
+ ACTH + 250 mu. 
3 None 6.43 + 1.73 
ACTH 10 mu 8.95 2.52 
50 19.8 +1.3 | 13.4 
150 21.4 +1.6 | 15.0 
TPN* + G6P | 2 mg. + 3 mg 29.1 + 0.7 | 22.7 
29.5 + 1.0 23.1 
+ ACTH + 10 mu 
TPNt + G6P | 2mg. + 3 mg 35.1 + 0.1 | 28.7 45 
‘ + ACTH + 50 mu 
TPNt + G6P | 2 mg. + 3 mg 36.38 + 1.3 | 29.9 48 
+ ACTH + 150 mu 
4 None 6.34 + 0.65 
ACTH 15 mu 16.2 + 0.9 9.9 
45 20.9 + 1.3 14.6 
TPNt + G6P | 1 mg. + 3 mg 20.4 + 0.2 | 14.1 
+3 * 26.9 + 0.3 | 20.6 66 
+ ACTH + 15 mu 
TPNt + G6P | 2mg. + 3 mg 20.5 + 1.0 | 14.2 
26.5 + 0.6 | 20.2 61 
+ ACTH + 15 mu 
TPNt + G6P | 2mg. + 3 mg 30.4 + 0.1 | 24.1 68 
+ ACTH + 45 mu 
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TaBLE III—Concluded 


ACTH 

effect in ‘ 
presence o 

Net TPN+ + 


Addition | on Corticoid output G6P (as 
of ACTH 
effect alone) 
5 None 6.17 + 0.07 
ACTH 100 mu. 32.8 + 1.2 | 26.6 
200 31.5 25.3 
G6P 3 mg. 10.0 3.8 
TPNt or 8.18 + 0.22; 2.0 
ACTH + G6P | 200 mu. + 3 mg. 31.5 + 1.2 | 25.3 
200 +2 * 32.1 + 1.8 | 25.9 
+ TPNt 
ACTH + G6P | 200 * +3 ‘“* 51.3 240.8 | 45.1 
+ TPNt + 2 mg. 


Incubation conditions and expression of results are as those in Table I. 
* The ACTH preparation used was Bell’s 8-corticotropin (10). 


maximal stimulation with TPN+ + G6P is present, the addition of ACTH 
also causes a further increase in corticoid output. That neither TPNt 
alone nor G6P alone is limiting in the gland maximally stimulated with 
ACTH is apparent from Experiment 5. In this experiment TPN* alone 
or G6P alone results in no further increase in corticoid output in a gland 
maximally stimulated with ACTH. However, the combination of the 
two results in the usual increase in corticoid output over that obtained 
by ACTH alone. These data would indicate a partial separation of the 
stimulation of corticoid output by ACTH from that with TPNH. 

It has been reported by Haynes et al. (9) that frozen adrenal tissue no 
longer responds to ACTH. The possibility that frozen adrenal tissue would 
respond to TPN + G6P was investigated. From the data of Table IV 
it may be seen, in confirmation of the results of Haynes et al. (9), that 
frozen adrenal tissue will not respond to ACTH. However, the addition 
of TPN+ + G6P to this tissue results in an unusually large increase in 
corticoid output. 

The validity of the analytical methods used as a measure of corticoid 
output by rat adrenals stimulated by ACTH in vitro has been discussed 
by Saffran et al. (6) and the evidence for the identity of the corticoids has 
been presented by Elliott and Schally (7). However, in this study the blue 
tetrazolium reaction was run on methylene dichloride extracts of incuba- 
tion media from normal and frozen glands stimulated by TPN+ + G6P. 
It was thus pertinent to have some evidence that corticoids were being 
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measured. Accordingly, several larger scale incubations were run and 
the methylene dichloride extracts chromatographed. The results pre- 
sented in Table V indicate that the materials which reacted with blue 


TABLE IV 


Effect of Freezing on Corticoid Output by Rat Adrenals in Vitro in Presence 
of TPN+, G6P, and ACTH 


Corticoid output 
Addition 
Normal tissue Frozen tissue 
ACTH..... 28.7 + 0.1 3.85 + 0.05 
27.5 + 0.6 91.5 + 0.7 


After the preincubation medium was removed, the beakers containing the tissue 
were placed in a dry ice-ethanol mixture and kept in a frozen state for at least 5 
minutes. TPN* was present at 2.0 mg. per ml. and G6P at 3.0 mg. per ml. The 
ACTH preparation was Bell’s + y2 ACTH at 2.5 y per ml. (10). Other incubation 
conditions and expression of the results are as those in Table I. 


TABLE V 
Separation by Paper Chromatography of Materials Which React with Blue Tetrazolium 
and Are Released in Vitro by Normal and Frozen Adrenal Glands 
in Presence and Absence of TPN* and G6P 


BT values of eluted spots 
Exper-| Condition | Weight |Incuba- | expressed as cortisol} 
iment] “OF tissue 0 tion Addition* acting 
No. tissue time material F EAL x B 
as cortisolt spot | spot | spot | spot Total 
mg. min. Y 
1 Normal | 224 | 120 | None 15.6 2.7| 3.6 7.0) 13.3 
281 120 | TPN*t + G6P 59.6 2.5)10.5) 1.5 | 19.2) 33.7 
2 189 60 38.4 3.8 27.2} 31.0 
Frozen 189 60 140.8 6.2 106 .2)}112.4 


Incubation conditions are as those in Table I except as indicated. 

* TPN* and G6P when added were present at concentrations of 2.0 mg. and 3.0 
mg., respectively, per ml. of incubation medium. 

t Blue tetrazolium (BT) values were obtained on an aliquot of the pooled methyl- 
ene dichloride extract of the incubation medium prior to paper chromatography. 
The remainder of the extract was chromatographed for 40 hours on 1 cm. wide strips 
in the toluene-propylene-glycol system of Burton et al. (11). 

t F spot = cortisol (5), EAL spot = presumably a mixture of aldosterone and 
cortisone (12), X spot = presumably a mixture of 68-hydroxydeoxycorticosterone 
and an unknown (12), B spot = corticosterone (5). 
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tetrazolium and which are released under the influence of TPN+ + G6P 
in normal and frozen adrenal tissue are corticoid in nature. 


DISCUSSION 


The importance of TPNH in the formation of adrenocortical hormones 
is becoming increasingly apparent. TPNH has now been involved in 
hydroxylation at the 11 (2, 3) and at the 21 positions (13). The results 
of this study demonstrate a role of TPNH in the stimulation of corticoid 
output in adrenal tissue capable of responding to ACTH. These findings 
support the hypothesis of Haynes and Berthet. However, the finding 
that either TPN* or G6P alone was without effect would suggest that 
both substances may be limiting in the adrenal. 

In addition, the results presented here also suggest that control of the 
concentration of TPNH may not be sufficient to account entirely for the 
observed effects of ACTH. Thus, the data of Table III indicate that 
TPNH appears to be limiting, even in tissue which has been stimulated to 
the maximal extent possible with ACTH alone, and, conversely, tissue 
maximally stimulated with TPN+ + Gé6P still responds to ACTH. In 
the case in which adrenal tissue is maximally stimulated with ACTH, the 
increase in corticoid output on the addition of TPN*+ + G6P suggests that 
the amount of corticoid precursors present in the tissue was in excess over 
that of the available TPNH. In the case whereby the tissue is maximally 
stimulated with TPN+ + G6P, the increase in corticoid output on the 
addition of ACTH suggests that TPNH was present in excess and addi- 
tional corticoid precursors were made available through the action of 
ACTH. In addition, it should be noted that the effects of ACTH + 
TPN+t+ + G6P were not usually additive. These results can be explained 
by the hypothesis that ACTH, in addition to its probable effect on the 
level of TPNH, controls the level of corticoid precursors. The results 
obtained with frozen tissue suggest a possible method by which the level 
of precursors is increased. Freezing results in a tissue which will not 
respond to ACTH, but the response of which to TPN+ + G6P is much 
greater than that obtained with any other set of conditions tested. These 
results may be interpreted on the basis that the act of freezing simulates 
ACTH action in the sense of making corticoid precursors available for 
TPNH action. This process might involve synthesis of new enzyme, 
activation of some enzyme system, or the release of precursors from some 
unavailable form. The first possibility seems unlikely in view of the 
findings that there is apparently no relationship between ACTH stimulation 
of adrenal tissue in vitro and the incorporation of C'*-glycine into adrenal 
protein (5). The second possibility does not appear reasonable because 
freezing must then activate what must be a highly specific enzyme system. 
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However, freezing might well release, non-enzymatically, corticoid pre- 
cursors from some bound, enzymatically unavailable form. Homogeniza- 
tion could do the same and hence lead to the well known difficulty of 
observing an ACTH effect in a homogenate. This interpretation in 
conjunction with the data presented in Table IV implies that maximal 
ACTH stimulation does not cause the release of all precursor or cause it 
to be released slowly over a period of time. Freezing, on the other hand, 
causes all the precursor to be released at once. Hence, with frozen adrenal 
tissue there is a greater corticoid output in the presence of TPN+ + G6P 
than there is with normal adrenal tissue in the presence of maximal con- 
centrations of TPN+ + G6P + ACTH. These interpretations, incor- 
porating the Haynes-Berthet hypothesis, may be summarized by the 
accompanying scheme. 


Freezing 
BP P 
Adreno- 
ACTH cortical 
hormones 
Pg 
Glycogen or other substrates an > TPNH 


BP represents a bound (or enzymatically unavailable) form of corticoid 
precursor (P). On ACTH stimulation the precursors become enzymati- 
cally available, z.e. free P, and can now undergo further transformations. 
Hayano et al. (14) have considered the possibility of ACTH overcoming a 
spatial separation of substrate and enzyme. 

A question which must be considered in a study of this kind is that of 
the permeability of the tissue to the substances used and_ produced. 
Haynes and Berthet (1) have presented evidence that the ACTH-stimu- 
lated corticoid output, that is the corticoid present in the incubation 
medium, is a true reflection of an increase of corticoids within the tissue. 
The stimulation of corticoid output by ACTH indicates that ACTH can 
get into the tissue and the stimulation of corticoid output by TPN*+ + 
G6P indicates that these two substances also can get into the tissue. The 
results obtained with the frozen adrenal tissue can alternatively be ex- 
plained on the basis of a breakdown of the cellular membrane which permits 
more TPN+ + G6P to enter the cell. At the same time more of the 
corticoid formed can get into the medium. But, it must be kept in mind 
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that the response of the frozen tissue to TPN+ + G6P is more than 2 
times that of normal tissue in the presence of maximal concentrations 
of ACTH plus TPN+ + G6P. In addition, the over-all form of frozen 
tissue is preserved so that no greater surface area is exposed to the medium 
and any barriers such as connective tissue remain intact. These considera- 
tions would argue for the presence of the increased availability of corticoid 
precursor discussed above. 


The authors wish to thank Dr. R. I. Dorfman for his encouragement 
and criticisms during the course of this work. 


SUMMARY 


Adrenal tissue which is capable of being stimulated in vitro by adreno- 
corticotropic hormone (ACTH) has been found to be capable of also 
responding with an increased corticoid output to triphosphopyridine 
nucleotide (TPN*+) in the presence of various substrates which should 
result in the formation of reduced TPN*+ (TPNH). Adrenal tissue maxi- 
mally stimulated with ACTH will also respond to TPNt+ + G6P (glucose 
6-phosphate). Conversely, adrenal tissue maximally stimulated with 
TPN+ + G6P will also respond to ACTH. These results have been 
discussed in light of the Haynes-Berthet hypothesis that a major action 
of ACTH is the formation of TPNH via the activation of adrenal phos- 
phorylase. The conclusion has been drawn that TPNH is not the only 
factor under ACTH control and that ACTH acts also by making additional 
corticoid precursor available. 

Frozen adrenal tissue responds to a greater extent to TPNt+ + G6P 
than normal tissue maximally stimulated by ACTH plus TPN+ + G6P. 
The hypothesis is presented that corticoid precursors exist in a bound, 
enzymatically unavailable form from which they can be released in a 
controlled manner by ACTH. Freezing, on the other hand, is postulated 
to release the precursors non-enzymatically and in an uncontrolled manner. 
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To permit study of the metabolism of propanediol phosphate in this 
laboratory, it became necessary to devise sensitive and specific assay 
methods for lactaldehyde, acetol, lactic acid, 1,2-propanediol, and 1 ,2- 
propanediol 1-phosphate in mixtures. For the determination of the in- 
dividual components of mixtures of these similar 3-carbon compounds, it 
seemed desirable to isolate or separate them so that the assay of one mem- 
ber would not interfere with that of another. For this purpose a column 
of Amberlite IRA-400 in the bicarbonate form was chosen to remove or- 
ganic acids from solutions containing aldehydes and ketones (1); the alde- 
hydes and ketones were adsorbed on a column of Amberlite [RA-400 resin 
treated with sodium bisulfite. The ketones were selectively eluted from 
the column by hot water and the aldehydes by sodium sulfate (2). Thus, 
from a mixture of structurally similar compounds, it was possible to isolate 
acids, aldehydes, and ketones by adsorption and selective elution from 
appropriately treated resin columns. Alcohols and compounds of lower 
polarity were not adsorbed on the resin and were, therefore, present in the 
column effluent. Acetol was converted to lactic acid (3) by the Barker 
and Summerson method (4). 1,2-Propanediol and lactaldehyde when 
treated with sodium periodate form acetaldehyde (5, 6), which was also 
measured by this method. 


EXPERIMENTAL 


Materials—pu-Lactaldehyde was prepared (6) from 300 ml. of technical 
30 per cent methylglyoxal (Matheson, Coleman, and Bell); a yield of 3.8 
gm. of white crystalline lactaldehyde was obtained. Its carbon and hy- 
drogen composition was calculated to be as follows: C 48.7, H 8.1 per cent; 


* This work was supported by the Division of Research Grants and Fellowships, 
National Institutes of Health, United States Public Health Service; grant No. 
H-1525. 

t Present address, Department of Biochemistry, Istituto Superiore di Sanita, 
Rome, Italy. 


353 


er- 
63 
| 


354 DETERMINATION OF LACTALDEHYDE. I 


found, C 48.3, H 8.2 per cent. The substance formed a 2 ,4-dinitropheny]- 
hydrazine derivative in an acidic solution. When oxidized with sodium 
periodate as described below, 1 mole of the compound formed 1 mole of 
acetaldehyde. An assay by the Barker-Summerson method for lactic acid 
gave only 75 per cent of the theoretical amount of lactaldehyde present. 

DL-1 ,2-Propanediol 1-phosphate as the barium salt was prepared accord- 
ing to the method of Davis and Ross (7). Its barium and phosphorus 
composition was calculated to be as follows: Ba 47.1, P 10.6 per cent; 
found, Ba 46.6, P 10.2 per cent. <A solution of the barium salt was con- 
verted to sodium propanediol phosphate by treatment with a very slight 
excess of sodium sulfate. The precipitate of barium sulfate was filtered 
off. 

Acetol acetate and pL-lactic acid were obtained from commercial sources. 
When dilute solutions of these substances were prepared, they were depoly- 
merized by boiling. The pH of the diluted lactic acid was adjusted to 7.1 
with sodium hydroxide. p.-1,2-Propanediol obtained commercially was 
redistilled before use. 


Methods 


Amberlite IRA-400 was ground in a mortar, and two columns of this 
material, each approximately 17 cm. in height and 1 cm. in diameter, were 
prepared. 500 ml. of a 1.0 m solution of sodium bicarbonate were passed 
through Column A and 500 ml. of 1.0 mM sodium bisulfite through the second 
column, B. Excess reagent was removed by washing with distilled water 
for several hours in the cold room at 4°. Column A, resin in the bicarbon- 
ate form, was attached by means of a short piece of rubber tubing to the 
top of the Column B, resin-treated with bisulfite. Mixtures containing 
various combinations of lactaldehyde, acetol acetate, propanediol, pro- 
panediol phosphate, and sodium lactate in phosphate buffer, pH 7.1, were 
added to the top of Column A. The solutions were washed through both 
Columns A and B with cold distilled water (4°) in the cold room (water at 
room temperature eluted part of the ketone from the resin). The effluent 
solution (200 ml.) contained propanediol. The columns were disconnected 
and removed from the cold room. The lactate and propanediol phosphate 
adsorbed on Column A were eluted with approximately 190 ml. of 0.1 M 
sodium carbonate. The pH of this fraction was adjusted to 9.6 and the 
volume diluted to 200 ml. 

Column B was surrounded by a water jacket and water at 75-80° was 
circulated around the column, during which time 200 ml. of boiling water 
were passed through the column. This selectively eluted acetol acetate. 
The eluate was cooled to room temperature and diluted to 200 ml. Lactal- 
dehyde was removed from Column B by elution at room temperature with 
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200 ml. of 1.0 m sodium sulfate. The rate of flow of eluting solutions was 
not carefully controlled. When eluents were used at room temperature, 
the rate of flow was 2 to 3 ml. per minute; however, hot water passed more 
rapidly through the column, 200 ml. being collected in 30 to 45 minutes. 
Immediately after elution, assays for lactate and acetol acetate were per- 
formed. Propanediol phosphate was collected in the same fraction with 
lactic acid. It was determined experimentally that, inthe Barker-Summer- 
son assay for lactic acid, propanedio] phosphate forms a color possessing 
10 per cent the intensity of an equimolar amount of lactic acid. Therefore, 
when propanediol phosphate was present, a correction of 10 per cent of 
the amount of this compound found was subtracted from the value ob- 


tained for lactate. 


Assays of lactaldehyde and propanediol were carried out according to the 
method of Huggins and Miller (5), but with several modifications necessi- 
tated by the presence of large amounts of sodium bisulfite in the lactalde- 
hyde fraction and smaller quantities in the propanediol fraction. Bisulfite 
destroyed the periodate added for the oxidation of propanediol and lactal- 
dehyde to acetaldehyde, and therefore had to be removed. 

For the assay, aliquots of 1 to 6 ml. made up to 6 ml. with distilled water, 
containing 0.1 to 0.6 umole of either lactaldehyde or propanediol, were 
used instead of the maximal 4 ml. aliquot recommended (5). These solu- 
tions were acidified by addition of 1.0 ml. of 5.0 N sulfuric acid containing 
0.02 ml. of General Electric antifoam 60 (to prevent excessive foaming in 
the subsequent aeration) which converted the bisulfite to sulfur dioxide. 
After 30 minutes of aeration with carbon dioxide in the apparatus pre- 
viously described (5), with use of water in place of bisulfite in the trap, 
sulfur dioxide was completely removed and the solutions were carefully 
neutralized with an excess of sodium bicarbonate. It was found that a 
saturated solution of carbon dioxide and bicarbonate would provide an 
adequate control of the pH for the oxidation of propanediol and lactalde- 
hyde by periodate and permit the aeration of the formed acetaldehyde. 
Because the solutions to be assayed were already saturated with respect to 
bicarbonate, it seemed desirable to aerate with carbon dioxide and take 
advantage of this buffer system. The bisulfite trap was then connected to 
the aeration tube and 0.5 ml. (40 umoles) of sodium periodate was added 
to the solutions containing lactaldehyde or propanediol. Carbon dioxide, 
at a flow rate of 4 liters per minute, was admitted into a manifold con- 
nected to ten aeration tubes. The aeration and subsequent analysis of 
the trapped acetaldehyde were then carried out as described (5). 

Propanediol phosphate was also assayed by the method of Huggins and 
Miller (5), but again with modifications. 1 to 4 ml. aliquots of sample 
containing 0.1 to 0.6 umole of propanediol were made up to 4 ml. with dis- 
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tilled water for the assay. The incubation with phosphatase was carried 
out exactly as described. Enzyme action was stopped by the addition of 
1.0 ml. of 100 per cent trichloroacetic acid which dissolved the precipitate 
of magnesium carbonate, leaving a slightly turbid solution due to precipi- 
tated protein. This precipitate was not removed. Just before oxidation 
by periodate of the liberated propanediol, the contents of the tubes were 
neutralized with an excess of solid sodium bicarbonate and then oxidized 
and aerated with carbon dioxide as described above for the assay of pro- 
panediol and lactaldehyde. 

The resin columns were regenerated by washing with 1 liter of 1.0 m 
sodium sulfate, followed by 1 liter of 1.0 N sulfuric acid. After this treat- 
ment, distilled water was passed through the columns until the effluent 
was neutral. Reactivation of the resin was accomplished by washing with 
either sodium bicarbonate or sodium bisulfite as described above. 


RESULTS AND DISCUSSION 


Table I gives the recoveries of compounds added to the resin columns. 
These recoveries were all 92 per cent or better of the amount added, and 
in most cases were well over 95 per cent. Lactaldehyde recoveries aver- 
aged the lowest (93 per cent); this value, however, is satisfactory. 

During the course of these studies, the behavior of methylglyoxal, puri- 
fied by redistillation in vacuo, was investigated. This substance could be 
assayed by the Barker-Summerson method for lactate when the copper-lime 
purification step was omitted. Thus, lactaldehyde which was eluted from 
the column in the same fraction did not interfere in the assay for methyl- 
glyoxal because the copper-lime treatment was necessary for the develop- 
ment of color by the former. Also, there was no interference of methyl- 
glyoxal in the lactaldehyde determination because oxidation of the former 
by periodate yields acetic acid rather than acetaldehyde (8). If, however, 
appreciable amounts of methylglyoxal were present in the mixture frac- 
tionated, serious errors in lactate values arose. It was observed that 
passage of pure methylglyoxal through resin Columns A and B converted 
about 34 per cent of it to lactic acid; 7.e., it was adsorbed on Column A 
(bicarbonate) and reacted as lactate in the method of Barker and Summer- 
son. This observation is in accord with the fact that an intramolecular 
dismutation reaction is known to occur when a-keto aldehydes are in 
contact with alkali (9). Approximately 50 per cent of the methylglyoxal 
was present in the aldehyde fraction and the remainder could not be de- 
tected in any of the other fractions. 

A study of the adsorption of pyruvic acid by Column A (bicarbonate) 
was also undertaken. Pyruvate was determined by the direct method of 
Friedemann and Haugen (10). These investigations showed that, in 
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contrast to lactic acid, recoveries of pyruvic acid were only about 45 per 
cent of that added. This was due partly to incomplete removal of the 
pyruvate from Column A by the sodium carbonate eluent. An additional 
25 per cent of the pyruvate was released and recovered when elution with 
the carbonate solution was followed by elution with 1.0 m sodium sulfate. 
Even then, a total of only approximately 70 per cent of added pyruvate 
was recovered. The difference in the ability of the carbonate ion to re- 
place lactate and pyruvate adsorbed on the resin was probably due to the 
differences in the strength of the two acids. About 30 per cent of the py- 


TABLE I 
Separation of Mizture of Compounds by Ion Exchange Resins 


Column At Column Bt 
Compound* 
Added Found Added Found 
pmoles pmoles pmoles pmoles 
Sodium lactate.............. 40.4 40.6 11.1 10.8 
PDPt (sodium salt)......... 85.6 85.0 43.0 42.2 
Acetol acetate............... 58.0 57.6 58.0 56.6 
Lactaldehyde................ 100.3 50.2 46.9 


* Solutions of compounds were added to 8 ml. of 0.1 M phosphate buffer, pH 7.1, 
and diluted to 24 ml. 20 ml. of this solution were added to the columns then frac- 
tionated as described in the text. 

t Data listed under ‘‘Column A”’ are from experiments in which a solution con- 
taining only two or three of the compounds was added to the resin. The data given 
under ‘‘Column B”’ were obtained when all five components were added to a single 
solution. All values are the average of duplicate experiments. 

t PDP, 1,2-propanediol phosphate; PD, 1,2-propanediol. 


ruvate either decomposed or condensed to form dimers or polymers of py- 
ruvate during elution with the alkaline sodium carbonate solution. 

For the fractionation of the various components of mixtures, the order 
of use of the columns is, of course, important. If the solutions to be frac- 
tionated were to pass first through Column B (treated with bisulfite), 
acids would be adsorbed replacing the bisulfite ion. Thus, no separation 
of acids and carbonyl compounds would occur. 

The use of a salt concentration higher than that employed in these ex- 
periments was not investigated, but it would probably necessitate the use 
of a longer resin column due to competition by anions for adsorption on 
the resin. 

The fractionation scheme outlined here might be modified by adding a 
third Column, C, for the adsorption of polyhydric alcohols (propanediol 
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in this case). Zager and Doody (11) have found that glycerol could be 
retained by an Amberlite IRA-400 resin column treated with sodium tetra- 
borate. Such a column should be placed third in the series. The frac- 
tionation procedure outlined above could probably be applied to the sep- 
aration of compounds other than those reported in this paper. 

The isolation by ion exchange resins of alcohols, acids, aldehydes, and 
ketones insures greater specificity in the assay of biological mixtures than 
could otherwise be attained. For example, both methylglyoxal and lactal- 
dehyde react as lactic acid in the method of Barker and Summerson. 
Huggins and Miller (3) showed that acetol can be quantitatively deter- 
mined by the same method. By employing the techniques herein 
described, acetol is separated from lactic acid and also from aldehydes such 
as methylglyoxal and lactaldehyde which interfere in its determination. 
Lactaldehyde is separated from lactic acid, thus eliminating its interference. 
The determination of lactaldehyde by the periodate oxidation procedure 
is quite specific. It was pointed out previously (5) that few compounds 
in tissues yield acetaldehyde upon oxidation by periodate. Even fewer 
will appear in the aldehyde fraction described in this procedure. Thus 
the techniques reported here are well suited for application to biological 
materials because the small number of compounds in these materials that 
can be converted to acetaldehyde are first separated according to their 
functional groups. The methods described in this paper have been used 
for the fractionation and assay of metabolites of propanediol, propanediol 
phosphate, lactic acid, acetol, and lactaldehyde present in yeast incubation 
mixtures; a report of this study is given in Paper II of this series (12). 


SUMMARY 


A procedure is described for the fractionation of a mixture of lactalde- 
hyde, acetol acetate, lactic acid, propanediol, and propanediol phosphate. 
The method involves the use of two ion exchange columns, one in the bi- 
carbonate form for the adsorption of acidic components and the other in 
the bisulfite form for the adsorption of carbonyl components of the mixture. 
Ketones were separated from aldehydes by selective elution. Propanediol 
was present in the fraction which passed through both columns. After 
separation on the columns, recoveries of added components ranged from 
92 to 106 per cent. 

A method for the microdetermination of lactaldehyde is described. 
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Reports from several laboratories suggest that 1 ,2-propanediol is an in- 
termediate in the metabolism of both carbohydrate and fat. The glyco- 
genic activity of propanediol was first reported by Hanzlik et al. (1). Later 
Rudney presented evidence that propanediol is implicated in the metabo- 
lism of acetone during its conversion to lactate and glycogen (2, 3). Groth 
and LePage (4) showed that rat tissue, under anaerobic conditions and in 
the presence of fluoride, could utilize pyruvate for the formation of pro- 
panediol phosphate and probably acetol phosphate. Newberg and Vercel- 
lone isolated propanediol from yeast cells which had been incubated with 
lactaldehyde (5). Miller et al. suggested that lactaldehyde is involved in 
the conversion of propanediol to lactate. Myogen A, an enzyme prepara- 
tion containing aldolase and a-glycerophosphate dehydrogenase, was 
shown to oxidize propanediol phosphate, presumably forming acetol 
phosphate (6, 7), and it was postulated that acetol phosphate might then 
isomerize to lactaldehyde phosphate which could be further metabolized. 
Huggins and Miller (8) have supported this postulate by data from meta- 
bolic studies with yeast cells although they did not use lactaldehyde as sub- 
strate. Further support was obtained by Sellinger and Miller, who showed 
that acetol was phosphorylated in the presence of rat liver homogenate and 
adenosine triphosphate (ATP), and that the phosphorylated product 
was reduced to propanediol phosphate by myogen A and reduced diphos- 
phopyridine nucleotide (DPN) (9). Hauser and Karnovsky (10, 11) have 
demonstrated recently that the rhamnose of a rhamnolipide of Pseudomonas 
aeruginosa can be derived from propanediol or glycerol, the glycerol possibly 
being converted to lactaldehyde followed by an aldol condensation with 
dihydroxyacetone phosphate. This reaction has been described by Hough 
and Jones (12), who used an aldolase from peas. 


* This work was supported by the Division of Research Grants and Fellowships, 
National Institutes of Health, United States Public Health Service; grant No. 
H-1525. 

t Present address, Department of Biochemistry, Istituto Superiore di Sanita, 
Rome, Italy. 
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Further studies on the metabolism of lactaldehyde by bakers’ yeast are 
presented in this paper. These investigations were designed to study the 
metabolic relationship among lactaldehyde, acetol, propanediol, propane- 
diol phosphate, and lactic acid. 


EXPERIMENTAL 


Bakers’ yeast was grown in a glucose, salts, yeast extract medium at 
37° for 24 hours with aeration. The cells were harvested by centrifugation, 
washed five times with distilled water, and resuspended in distilled water to 
contain approximately 100 mg. of dry weight of cellsin 10 ml. 10 ml. of the 
cell suspension were added to 8.0 ml. of 0.1 mM phosphate buffer, pH 7.1, in 
the main compartment of 75 ml. Warburg flasks. Solutions of substrate 
prepared as previously described (13) were added to the side arm and 
tipped in to the main compartment after 15 minutes of incubation. The 
total volume (excluding 1.6 ml. of 10 per cent potassium hydroxide in the 
center well) was made up to 24 ml. with distilled water. When sodium 
fluoride was used, 1.0 ml. of a 2.4 m solution replaced an equal volume of 
water. 

Incubations were made for 4 hours at 37° in the Warburg apparatus 
under an atmosphere of air or nitrogen. After incubation, the contents of 
each flask were centrifuged at 24,500 X g for 15 minutes at 3°, and the 
supernatant fluid was transferred to flasks, and stored at —20° until 
assayed. After thawing, 20 ml. aliquots of the incubation mixtures were 
fractionated and analyzed as previously described (13). The direct method 
of Friedemann and Haugen (14) was used for the determination of keto 
acids. Methylglyoxal was estimated by the modified method of Barker 
and Summerson (15) for lactic acid by omitting the treatment of the sample 
with calcium hydroxide and cupric sulfate (13). 

In experiments in which propanediol-1-C' was used,! reaction mixtures 
were incubated aerobically and were fractionated as described in Paper I 
(13). Derivatives of acetol and lactaldehyde were prepared by adding 
600 mg. of 2,4-dinitrophenylhydrazine to 100 ml. of the fraction of acetol 
or to 184 ml. of the lactaldehyde fraction. Concentrated HCl was added 
to make the final acid concentration 2.0 mM. These solutions were heated 
to boiling and allowed to cool spontaneously to room temperature, where- 
upon a precipitate of the 2,4-dinitrophenylosozone formed slowly. The 
precipitate was filtered on paper disks, washed with distilled water, dried 
at 60°, and transferred to planchets for the determination of radioactivity. 
Propanediol was oxidized with periodate and acetaldehyde was removed as 
described (13). Excess sodium bicarbonate was removed by careful 

4 Propanediol-1-C'* was kindly supplied by Dr. Harry Rudney of the Department 
of Biochemistry, School of Medicine, Western Reserve University, Cleveland, Ohio. 
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addition of concentrated HCl. 94 umoles of carrier formaldehyde were 
added, followed by 3.0 ml. of concentrated*HCl saturated with 2 ,4-dini- 
trophenylhydrazine. After standing at 3° for 16 hours, the derivative 
which precipitated was prepared for counting as described above. 
Radioactivity measurements were made by use of a Berkely decimal 
scaler, model No. 2001, equipped with a Geiger-Mueller end window tube. 


Results 


Table I lists some of the metabolites formed and the amount of substrate 
used when yeast cells were incubated with propanediol, acetol, lactaldehyde, 
sodium lactate, or sodium propanediol phosphate. Fluoride was added to 
the medium in some experiments to block metabolism along pathways not 
germane to the study and thus to amplify any positive findings with respect 
to the metabolic route under investigation. 

With propanediol as substrate, only acetol was formed in significant 
quantity. The addition of fluoride to the incubation mixture did not 
greatly influence the formation of metabolites, although there was a marked 
decrease in the amount of substrate used. 

Conversely, with acetol acetate as substrate, propanediol was the only 
metabolite detected. The addition of fluoride again depressed the utiliza- 
tion of substrate. At the end of the incubation period, 28 per cent of the 
acetol acetate remained in the absence of inhibitor as contrasted with 51 
per cent in its presence. The accumulation of propanediol noted in the 
presence of fluoride is probably due to the effect of this inhibitor in suppress- 
ing its dissimilation. 

The metabolism of lactaldehyde was rapid and almost complete. Of the 
five substrates studied, it alone was almost wholly utilized at the end of the 
4 hour incubation period. In its place there appeared three metabolites; 
propanediol, lactate, and acetol. The relatively small quantity of acetol 
found in the incubation mixture might be interpreted to mean that the 
acetol was formed from propanediol rather than from both propanediol and 
lactaldehyde. It was pointed out previously that methylglyoxal gives rise 
to false lactate values (13). Only traces of a substance behaving like 
methylglyoxal were detected, indicating that in this case lactate and not 
methylglyoxal was formed. Fluoride increased the accumulation of all 
three metabolites of lactaldehyde, its effect being greatest on propanediol. 

Propanediol phosphate exhibited little metabolic activity. Very small 
amounts of lactate, acetol, and propanediol were derived from this sub- 
strate. Oddly, the utilization of propanediol phosphate was increased by 
the addition of fluoride. 

Under the aerobic conditions of these experiments, lactate, in both the 
presence and the absence of fluoride, was inert with respect to formation 
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of the metabolites studied here. 


method of fractionation (13). 


TABLE I 


Formation of Metabolites from Various Substrates under Aerobic 
Conditions with and without Added Fluoride 


DETERMINATION OF LACTALDEHYDE. 


II 


Some substrate was utilized and small 
amounts of pyruvate were formed, although, as noted previously, accurate 
values for pyruvate could not be obtained by using the ion exchange column 
In an anaerobic system, poisoned by fluo- 
ride, however, small amounts of lactate disappeared (2.9 umoles of the 


ac- 

Additions to flasks* Lactate | Acetol | PDft | PDPt 

hyde used 
r olites 
pmoles | wmoles | wmoles umole pmole | umoles 

No added substrate 0.0; 0.1; 0.4; 0.0 | 0.9 

+ fluoridet 0.3; 0.0; 0.4 | 0.0 | 0.7 

Propanediol, 105 wmoles 0.0 | 9.7 0.0 | 0.2 

+ fluo- | 0.0 | 10.7 0.0 | 0.0 | 22.7 | 43.5 

ride (107! m) 

Acetol, 109 umoles 0.2 12.7; 0.0 | 0.0 | 13.3 | 80.5 
“« 116 ‘ + fluoridet 0.0 19.0 | 0.0 | 0.0 | 78.6 | 16.5 

pL-Lactaldehyde, 108 umoles 13.1 | 6.2] 15.1 | 0.0 57.0 | 33.5 

+ | 15.7) 7.1 | 24.2 | 0.0 87.9 | 43.5 

fluoridet 93.7 | 50.0 

Sodium lactate, 116 wmoles 0.0; 0.0; 0.0 | 0.0 | 26.0 0.0 

108.6 umoles + 0.0; 0.0} 0.0 | 0.0 | 13.1 0.0 

fluoridet 

Propanediol phosphate, 103 1.2; 0.0} 1.4 0.0 | 3.0 | 87.0 
umoles 

Propanediol phosphate, 103 5.1 0.0 | 16.5 | 36.5 
umoles + fluoridet 


* Expressed per 100 mg. of dry weight of yeast and corrected by the figures in the 
first and second lines for the contribution of yeast cells in control experiments in which 
no substrate was added. 

t PD, 1,2-propanediol; PDP, 1,2-propanediol phosphate. 

Final concentration of fluoride, 107! 


109 wmoles added) and small quantities of propanediol, propanediol phos- 
phate, and acetol were detected: 0.2, 0.4, and 0.7 umole, respectively. 
The observation that lactaldehyde formed both lactate and propanediol 
suggested the possibility of a Cannizzaro type of reaction. An attempt was 
made to reverse the reaction, thus forming lactaldehyde from a mixture of 
substrates consisting of lactate and propanediol (Table II). No lactalde- 


hyde was formed. The analytical data were much the same as those 
obtained when either propanediol or lactate was added individually. 
From the data of experiments described above, it could not be ascertained 


eco an 
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whether lactaldehyde was converted directly into acetol or whether pro- 
panediol was formed which in turn gave rise to acetol. An experiment 
was set up in which yeast cells were allowed to metabolize only radioactive 
propanediol in one flask, and in another flask the cells had access to a 


TABLE II 


Formation of Metabolites from Mizture of Lactate and Propanediol 
with and without Fluoride under Aerobic Conditions 


Additions to flask* Acetol | PDPt — Substrate used 
pmoles pmole umole pmoles 


17.3 (lactate) 
16.8 (propanediol) 
10.4 (lactate) 
14.3 (propanediol) 


Sodium lactate, 101 wmoles + 12.8 0.0 0.0 
propanediol, 103 umoles 

Sodium lactate, 99.6 wmoles + 11.6 0.0 0.0 
propanediol, 101.5 uwmoles + 
fluoride, 10-1 m 


* Expressed per 100 mg. of dry weight of yeast and corrected by the figures in 
the first and second lines of Table I for the contribution of yeast cells in control 
experiments in which no substrate was added. 

t PDP, 1,2-propanediol phosphate. 


TABLE III 
Formation of Radioactive Metabolites from CH3-CHOH-C'H,OH 


Flask No.* Propanediolt Acetolt Lactaldehydet 
c.p.m. per wmole c.p.m. per umole c.p.m. per umole 
1 198 316 5.1 
2 134 255 6.3 


* Each flask contained 15.0 ml. (100 umoles) of CH;-CHOH-C"“H,OH, 0.8 ml. of 
1.0m phosphate buffer, pH 7.1, and 5.0 ml. of yeast suspension (equivalent to 100 
mg. of dry weight of cells). In addition, Flask 2 contained 94 uwmoles of lactalde- 
hyde. Distilled water was added to make a total volume of 24.0 ml. Both flasks 
were incubated at 37° for 4 hours. After the incubation period, 9.4 wmoles of carrier 
lactaldehyde were added to Flask 1. 

t The average weight of the 2,4-dinitrophenylhydrazone precipitates was 23.0 mg. 

{ The average weight of the 2,4-dinitrophenylosazone precipitates was 3.3 mg. 


mixture of substrates consisting of radioactive propanediol and lactalde- 
hyde. Radioactivity measurements were made on 2,4-dinitrophenyl- 
hydrazine derivatives of acetol and lactaldehyde and on a similar derivative 
of formaldehyde obtained from the periodate cleavage of propanediol 
(Table III). It will be noted that the specific activity of acetol is con- 
siderably higher than that of propanediol. Because acetol was formed 
either from radioactive propanediol or from inert lactaldehyde, it would be 
expected to have the same or a lower specific activity than propanediol. 
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That such is not the case may be explained by the fact that the total mass | 
of the formaldehyde derivative was approximately 7 times greater than } 


that of the acetol derivative. Due to a lack of material, no correlation 


between mass and self-absorption was possible; consequently, no correction ; 


for this variable could be applied, which probably accounts for the specific 


activity of propanediol appearing less than that of acetol. The effect of | 
adding lactaldehyde to Flask 2 is reflected in the dilution of activity of | 
both propanediol and acetol. Only a very small amount of radioactivity | 


was observed in lactaldehyde. 


DISCUSSION 


The ratio of the specific activity of propanediol in Flask 1 (without added | 


lactaldehyde) to that in Flask 2 (with added lactaldehyde) (Table ITI) is 


0.68. If acetol were formed only from propanediol, one would expect the | 


corresponding ratio for acetol to be identical with that of propanediol. 


On the other hand, if acetol were being produced from both propanediol | 
and lactaldehyde, this ratio for acetol in the two flasks would be less than | 
that for propanediol; the value observed is 0.81. The reason for this is | 
not readily apparent, but it may be due to errors arising from handling | 
small amounts of precipitate. Thus, the data cannot be used to formulate | 
unequivocable conclusions concerning metabolic pathways; however, they | 


do suggest that propanediol and not lactaldehyde is the immediate pre- 
cursor of acetol, at least in yeast cells. The relative irreversibility of the 
reaction involved in the conversion of lactaldehyde to propanediol is also 
emphasized by the data. In a 4 hour incubation period, most of the 
added lactaldehyde is utilized, yet the radioactivity of the amount re- 
maining was only 2 to 5 per cent that of propanediol. 


The ability to reduce propanediol to acetol (Table I) is not a unique | 
property of yeast cells; acetol was reported to be a product of propanediol | 
metabolism by the mold Fusarium lini Bolley (16), Bactertwm suboxidans |} 
(17), and a soil diphtheroid (18). The reverse reaction, 7.e. the conversion | 
of acetol to propanediol by yeast, has been reported by Farber and Nord | 


(19). It was mentioned previously that Newberg and Vercellone had 
detected propanediol when yeast cells were incubated with lactaldehyde (5). 


The results of these experiments are in general agreement with those of | 
a similar study carried out by Huggins and Miller (8) in which all analyses | 
were colorimetric and no separations or isolations were made. For the most } 
part differences in results are quantitative rather than qualitative. The } 


few discrepancies which exist may be due to differences in the preparation 


of cells and methods of assay. In the present study, only the supernatant | 
fluid of the incubation mixture was taken for fractionation. In an experi- } 


ment parallel to that in which lactate was used as substrate in an anaerobic 


system, Huggins and Miller found larger amounts of lactate disappearing | 


| 
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mass | and larger amounts of acetol appearing than in the present experiment. 
than | The reason for the divergent results can probably be explained by the fact 
lation | that they used 10-fold higher substrate concentrations. 
tion Although the data presented in this paper do not support the hypothesis 
ecific | that lactaldehyde is a direct intermediate in the metabolism of propanediol 
ct of | to lactate by yeast, neither do they disprove it. The rapid and nearly 
ty of } complete utilization of lactaldehyde as a substrate can possibly explain the 
tivity | failure to detect it as a metabolite in the metabolism of the other sub- 
strates tested. It may be that lactaldehyde is metabolized as quickly as 
it is formed from propanediol so that only undetectable amounts are present 
at any time. 
dded | Under certain conditions yeast cells utilize the substrates tested but the 
utilization does not seem to involve phosphorylation primarily. In an 
t the | anaerobic system poisoned by fluoride, the metabolism of these substrates 
diol, | may predominantly involve phosphorylation. This is not in disagreement 
ediol| | with the results obtained from studies on animal tissues in which phosphoryl- 
than | ation seems to be important. It is possible that enzymes of yeast act 
lis is | predominantly directly on the non-phosphorylated forms of the substrates 
dling | and those of animals act predominantly on the phosphorylated forms. 
ulate | Because yeast seems to metabolize the dephosphorylated compounds, 
they it is postulated that propanediol may be converted to acetol by glycerol 
pre- | dehydrogenase. Although there is no report of the presence of this enzyme 
f the | in yeast, its presence has been demonstrated in Acetobacter aerogenes (20), 
also | Escherichia coli (21), and rat and swine livers (22), where it catalyzes the 
the | conversion of glycerol to dihydroxyacetone. This enzyme, prepared from 
| re- | A. aerogenes, reportedly oxidizes 1,2-propanediol as efficiently as glycerol 
and also reduces acetol acetate, but acetol acetate is only 27 per cent as 
ique | active as dihydroxyacetone. 
sdiol | A potassium-activated aldehyde dehydrogenase from bakers’ yeast 
Jans | oxidizes acetaldehyde to acetic acid and has been reported to act on pro- 
sion | pionaldehyde and several other aldehydes (23). Because of the structural 
Jord | similarity of propionaldehyde and lactaldehyde, it is logical to assume that 
had | lactaldehyde can be oxidized to lactic acid by this enzyme. The fact that 


— 


(5). | the oxidation of acetaldehyde to acetic acid is strongly favored explains the 
eof | failure to demonstrate lactaldehyde formation from lactic acid. 

yses | A DPN-linked alcohol dehydrogenase from bakers’ yeast that catalyzes 
nost | the reversible conversion of ethanol to acetaldehyde (24) may be responsible 


The | for the conversion of lactaldehyde to propanediol. If this is correct, the 
tion equilibrium of the reaction strongly favors the conversion of lactaldehyde to 
‘ant | propanediol. In the case of a triphosphopyridine nucleotide-dependent 
eri- | alcohol dehydrogenase from Leuconostoc mesenteroides, it was found that 
bic | ~=propanediol was inactive as substrate, although no data were given for the 
ring | action of this enzyme on lactaldehyde (25). 
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Studies on the metabolism of lactaldehyde by alcohol, aldehyde, and 
glycerol dehydrogenases will be reported in a subsequent paper (26). 


SUMMARY 


With use of a whole cell preparation of yeast, the metabolic interrelation- 
ship of 1 ,2-propanediol 1-phosphate, 1 ,2-propanediol, acetol, lactaldehyde, 
and lactic acid was investigated. The cells were able to oxidize propane- 
diol to acetol and the reaction was reversible. Lactaldehyde was con- 
verted to propanediol, lactate, and acetol, the acetol probably being derived 
from propanediol. Lactate and propanediol phosphate in an aerobic 
system were relatively inactive as precursors of the metabolites investi- 
gated. Under anaerobic conditions, in a system poisoned by fluoride, 
lactate was converted to small amounts of propanediol, propanediol phos- 
phate, and acetol. Lactaldehyde was not detected as a metabolite of any 
of the substrates tested. The data suggest that the m-tabolism of these 
compounds by yeast is the result of enzymatic action on the non-phos- 
phorylated rather than on phosphorylated intermediates. 
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PHOSPHATE-WATER EXCHANGE REACTION CATALYZED 
BY INORGANIC PYROPHOSPHATASE OF YEAST* 


By MILDRED COHNt 
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A number of different systems have been shown to catalyze an exchange 
of oxygen between inorganic orthophosphate and water. A very rapid 
exchange occurs with liver mitochondria (1, 2), and the unique feature 
of this exchange reaction is its sensitivity to 2,4-dinitrophenol which pre- 
sumably reflects the involvement of this reaction in the phosphorylation 
sequence coupled to oxidation in the electron transport system. An 
appreciable exchange of phosphate and water has been observed accom- 
panying some glycolytic reactions in a yeast preparation (3), but no such 
exchange has been observed with the individual purified glycolytic enzymes 
from rabbit muscle. 

Concomitant with the hydrolysis of ATP? by lobster muscle strips, there 
is a rapid exchange of inorganic phosphate with water (4). Hydrolysis 
of ATP by purified myosin and actomyosin, however, is not accompanied 
by an exchange of phosphate and water (5). A slow exchange is catalyzed 
by an ATPase preparation from rabbit muscle (6) and a slight activity in 
catalyzing the exchange is observed with a crude alkaline phosphatase 
preparation (7). 

In contrast with the complex systems described previously which catalyze 
the exchange of phosphate and water, the present communication deals 
with a well defined single enzyme, crystalline inorganic pyrophosphatase 
from yeast (8), which under appropriate conditions catalyzes a rapid ex- 
change of inorganic phosphate with water in the absence of pyrophosphate. 
A comparison of the rates of exchange and of the reversal of hydrolysis 
of pyrophosphate clearly indicates that the exchange of phosphate and 
water cannot be ascribed to a reversal of the over-all reaction. 

The rapid rate of exchange of orthophosphate with water taken in 


* This work was supported by a research grant from the National Science Founda- 
tion. 

t This work was done during the tenure of an Established Investigatorship of the 
American Heart Association. 

1M. Cohn, unpublished experiments. 

2 The following abbreviations are used throughout this paper: ATP, adenosine 
triphosphate; PPase, inorganic pyrophosphatase from yeast; Tris, tris(hydroxy- 
methyl) aminomethane; MAE, methionine-activating enzyme. 
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conjunction with the slow rate of exchange of orthophosphate P® with 
pyrophosphate is consistent with the following mechanism of hydrolysis 
of pyrophosphate. 


k 
HP,O;3 + EH EPO,? + HPO,? + Ht (1) 


-1 


k 
EPO,? + H,O EH + HOPO,? (2) 


—2 
where k_, is the slow reaction. 


EXPERIMENTAL 


Preparation and Analysis of O'8-Labeled Phosphate—The inorganic ortho- 
phosphate was prepared as described previously (9). The enriched water 
used for the preparation of the phosphate containing 6.2 atom per cent 
excess Q'8 was obtained from the Weizmann Institute. All the samples 
of phosphate were analyzed for O'8 in the mass spectrometer by reduction 
of Ba3(PO,4)2 with carbon to form carbon monoxide as described previously 
(9). The oxygen exchange reaction was followed by measuring the decline 
of O'8 in the labeled phosphate. 

Materials—The ATP was obtained from the Pabst Brewing Company. 
Carrier-free P® inorganic orthophosphate was treated before use by heating 
at 100° in 1 N HCl for 1 hour. The crystalline inorganic pyrophosphatase 
prepared from yeast was kindly supplied by Dr. G. Perlmann and Dr. M. |} 
Kunitz. The methionine-activating enzyme was very kindly prepared 
by Dr. P. Berg and the preparation contained 17 units per ml. (10). 


Isolation of Phosphates for Isotopic Analysis 


Separation of Orthophosphate and Pyrophosphate—The reaction was 
stopped by the addition of sufficient 30 per cent perchloric acid to bring | 
the final concentration to 6 per cent. The perchloric acid was neutralized | 
with KOH and KCIO, was allowed to precipitate for an hour at 0°. After 
centrifugation, the supernatant fluid was chromatographed on a Dowex 1 
(2 per cent cross-linked) column. The orthophosphate was eluted with 
0.01 xn HCl-0.05 x KCl and the pyrophosphate was eluted with 0.05 N 
HCl1-0.05 nw KCl. Although the resolution of the fractions was excellent, 
a mixture of P*®-orthophosphate and unlabeled pyrophosphate always 
yielded a trace of radioactivity in the pyrophosphate fraction of the order 
of 0.03 per cent of the orthophosphate fraction. After hydrolysis of the 
pyrophosphate fraction at 100° in 1 N HCl for 20 minutes, aliquots of 
each fraction were analyzed for phosphate by the Fiske-Subbarow method 
(11) and radioactivity was determined in the usual manner. The pooled 
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orthophosphate fraction was then ee ceacpe with Ba and analyzed for 
('8 as described previously (9). 

Separation of Orthophosphate and A TP—The reaction was stopped with 
sufficient 20 per cent trichloroacetic acid to bring the final concentration 
to 5 per cent. The ATP was then absorbed on Norit and separated from 
the inorganic phosphate as described previously (9). After the specific 
activity (P*?) was determined for the inorganic phosphate and the hydro- 
lyzed ATP fractions, the orthophosphate fraction was precipitated as the 
Ba salt and analyzed for O', 


Results 


Calculations—The method of calculating the rate of the oxygen exchange 
reaction between phosphate and water has been discussed in detail in an 
earlier publication (9). The number of cycles of reaction N is calculated 
and the rate, in terms of the number of micromoles of oxygen atoms ex- 
changed in a given time, is the product of N and the number of micromoles 
of phosphate present in the reaction mixture. The rate of the phosphorus 
exchange is so small that it can be equated directly to the number of micro- 
moles of phosphorus incorporated into pyropmopmate or ATP as measured 
by P®, 


Role of Metal Ions 


Effect of Magnesium Concentration—The rate of the oxygen exchange 
reaction was investigated over a range of magnesium concentrations from 
0.002 to 0.1 m at constant pH, 7.2, and constant ionic strength, 0.2. 
Each solution was titrated with KOH and the amount of KCl required 
to attain an ionic strength of 0.2 was calculated from the association 
constant of Mg with the divalent phosphate ion, K = 76 (12). The associa- 
tion of magnesium with the monovalent phosphate ion and the association 
of potassium with phosphate was neglected in the calculation. Table I 
shows the amounts of the various species present in 0.01 mM phosphate solu- 
tions as the Mg concentration is varied. 

With no Mg present, the exchange reaction is unobservable. In Fig. 1, 
A, the rate is plotted as a function of the total magnesium concentration 
and in Fig. 1, B, the rate is plotted as a function of the concentration 
of the magnesium complex of the divalent phosphate ion. As illustrated 
in Fig. 1, A, the rate of the exchange reaction increases with Mg concen- 
tration until a maximum is reached at 0.05 m and decreases at higher 
concentrations. The increase in rates below 0.05 m Mg, with decreasing 
concentration of free phosphate ions and with increasing concentration 
of Mg phosphate (Fig. 1, B), suggests that the magnesium phosphate 
complex rather than free phosphate is the true substrate for the enzyme 
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TABLE 


I 


Concentrations of Various Species 


total volume, 2 ml.; temperature, 30°; time, 30 minutes. 
O'8 in phosphate, 2.60 atom per cent excess. 


Insufficient kinetic data are available to assess 
the factors involved in the inhibition above 0.05 m Mg concentration. 


Conditions: pH 7.2, ionic strength, 0.2, total phosphate concentration, 0.01 M; 


Initial concentration of 


Total Mg (Mg P] Mg*+-free 
per ml. 
5.0 0.0 0.0 0.00775 F 0.0 2.61 
5.0 0.002 0.000705 0.00715 0.00214 0.0013 2.00 
5.0 0.010 0.00292 0.00545 0.00163 0.0071 0.73 
2.5 0.025 0.00540 0.00355 0.00105 0.020 1.01 
2.5 0.050 0.00714 0.00222 0.00064 0.043 0.66 
2.5 0-075 0.00796 0.00158 0.00046 0.067 1.03 
2.5 0.100 0.00844 0.00121 0.00035 0.092 1.23 


RATE, AMOLES ENZYME 


Fic. 1A 


0 01 02 03 04 05 06 07 08 09 10 
Mg CONCENTRATION, M 


22 


20F 


RATE, JAMOLES 0/2 ENZYME 


Effect of Other Metal Ions—The insolubility of the phosphate salts of 
calcium and cobalt necessitated the use of low concentrations of phosphate, 
namely 0.002 m. To prevent precipitation with Co, its concentration was 


—”™ 


2 3 4 
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[MgPO4] CONCENTRATION, Mx103 
Fig. 1B 


Fic. 1. Rate dependence on Mg, conditions described in Table I. A, velocity 
versus total Mg concentration; B, velocity versus concentration of Mg complex with 
divalent phosphate ion. 


372 
i 
22 | 
20 
18 18 
16 16 ° 
14 14 
12 12 
10 10 re) 
8 8 
6 6 
4 4 
2 2 


of 


as 


M. COHN” 373 


limited to 0.002 m. Sufficient phosphate for O'* analysis from a 2 ml. 
reaction mixture was obtained in this experiment by diluting all samples 
equally with 14.5 umoles of unlabeled phosphate. A comparison of the 
rates of the exchange reaction in the presence of Mg, Ca, and Co is shown 
in Table II. 

With 0.004 m Mg, more than 90 per cent of the oxygen is exchanged, but 
with the same concentration of Ca there is no exchange within experi- 
mental error. In fact, the inhibition of the Mg-activated exchange by 
Ca is in excess of the binding of phosphate by Ca; the association constant 
of Ca for phosphate is about two-thirds that of Mg (12). The same 
inhibitory effect of Ca has been observed on the hydrolysis of pyrophos- 
phate by PPase (8). On the assumption that the hydrolysis of pyro- 


TABLE II 
Effect of Various Metal Ions 


Reaction mixture, Tris buffer, 0.05 m, pH 7.2; phosphate, 0.002 mM; PPase, 10 y per 
ml.; total volume, 2 ml.; temperature, 30°; time, 30 minutes. Initial concentration, 
O'8 in phosphate, 1.35 atom per cent excess. 


Additions O'* in phosphate Oxygen turnover 


aiom per cent excess | wmoles per y enzyme 


CaClo, 0 0.004 1.30 0.03 
MgCl., 0.004 CaCle, 0. 001 M. 0.470 0.84 


phosphate is a two-step reaction, as shown in equations (1) and (2), the 
possibility exists that Ca inhibits the over-all reaction solely by its effect 
on the second reaction, 7.e. the exchange of phosphate with water. This 
possibility was tested by studying the exchange of P*-orthophosphate 
with pyrophosphate in the presence of Ca. The complete absence of 
exchange indicated that reaction (1) is also inhibited by Ca. The data 
in Table II indicate that Co activates the oxygen exchange reaction but 
not as effectively as Mg; a similar relationship holds for the over-all reaction 
in the hydrolysis of pyrophosphate (8). 


Relative Rates of Exchange and Over-All Reactions 


In studying the exchange reaction between phosphate and water cata- 
lyzed by a phosphatase, it is simple to distinguish exchange from reversal 
of the hydrolysis by omitting the second product of the reaction. Un- 
fortunately in the case of inorganic pyrophosphatase all components are 
always present since both products are orthophosphate. It becomes 
necessary to resort to a comparison of the rates of oxygen exchange and 
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phosphorus exchange to determine whether the oxygen exchange is due to 
an over-all reversal. The technical difficulties of such an experiment are 
due to the insolubility of Mg pyrophosphate at Mg concentrations necessary | 
to observe measurable phosphate-water exchange. The high concentra- 
tions of Mg and orthophosphate needed to observe exchange compared 
to Mg and pyrophosphate needed to observe hydrolysis are partly due to 
the insensitivity in methods of measuring the former reaction and partly 


TaBLeE III 
Relative Rates of P** and O'8 Exchange Catalyzed by PPase 
Reaction mixture, Series A, Tris buffer, 0.05 mM, pH 7.3; MgCl:, 0.014 m; phosphate 
concentrations as indicated; PPase, 0.19 y per ml.; total volume, 3 ml.; temperature, 
30°; initial atom per cent excess O18, 6.16. Series B, Tris buffer, 0.05 mM, pH 7.3; 
MgCl., 0.016 m; phosphate, 0.002 M; pyrophosphate, 0.002 m; P®, 700,000 ¢.p.m.; PPase, 
.103 y per ml.; total volume, 10 ml.; temperature, 30°. 


Time O turnover P turnover = = 
Os ps2 AP32 
min. “cent pmoles per ml. oF 
Series A 
Phosphate, 20 | 5.48 0.94 
0.002 mM 
Phosphate, 20 | 5.22 2.68 
0.004 
Kxtrapolated 
from Series A 
Series B 0 | 6.16 | 1130 0.171 
5 | 4.47 | 805 0.175 0.438 | 0.267 0.000817; 428 
11 | 3.40 | 642 0.517 0.745 | 0.574 0.00176 | 588 


inherent in the different association constants of the Mg complexes, about 
10‘ for pyrophosphate (13) and about 10? for orthophosphate (12). 

An experiment to compare the rates of P and O exchange was carried 
out with 0.002 mM pyrophosphate, 0.016 m MgCle, and 0.002 m orthophos- 
phate labeled with P® and O'*. As shown in Table III, Series B, after 11 
minutes approximately 38 per cent of the pyrophosphate had been hydro- 
lyzed as calculated from the dilution of P® of orthophosphate. The O' 
had been so diluted by the formation of unlabeled orthophosphate that 
the superimposed dilution due to exchange was not detectable.* In parallel 


5 It should be pointed out that, for every molecule of pyrophosphate hydrolyzed, 
8 oxygen atoms are introduced which dilute the O'8-labeled orthophosphate compared 
to 1 oxygen atom introduced for every molecule of orthophosphate which exchanges 
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experiments, without pyrophosphate, Series A, with approximately twice 
the concentration of enzyme and twice the duration, the oxygen exchange 
reaction was readily detectable. The magnesium concentration was 
lowered to 0.014 m to compensate for the absence of pyrophosphate which 
in Series B bound approximately 0.002 m Mg. The rate of oxygen exchange 
calculated in Series A was extrapolated to the conditions of Series B, 
yielding the experimentally undetectable values of 0.175 umole per ml. 
and 0.517 umole per ml. for 5 and 11 minutes, respectively. The phos- 
phorus turnover rates were calculated directly. The ratio of rates of O 
turnover to twice the P turnover yielded values of 428 and 588 for 5 and 


TABLE IV 
Relative Rates of O88 and P*? Exchange with PPase and Methionine-Activating Enzyme 
Reaction mixture, Tris buffer, 0.05 mM, pH 7.2; phosphate, 0.01 mM; MgCl:, 0.05 m; 
ATP, 0.001 mM; methionine, 0.00025 mM; PPase, 1 y per ml.; methionine-activating 
enzyme, 1.7 units per ml.; P*?, 1,120,000 c.p.m.; initial O', 2.20 atom per cent excess; 
total volume, 2 ml.; temperature, 30°; time, 30 minutes. 


; Inorganic phosphate ATP 
O turnover P turnover tamover 
‘ 2P turnover 
p32 ps2 
c.p.m. per Pc.p.m. per y P| wmoles per ml. | umole per ml. 
1 1.535 1790 40.8 14.4 0.0456 632 
2 1.640 1735 39.6 11.8 0.0457 516 
3 1.695 1795 31.8 10.4 0.0355 586 
Average. 578 


11 minutes, respectively; the theoretical value for this ratio based on the 
reversal of hydrolysis would be 1. 

To avoid the difficulties encountered in measuring the isotopic equilibra- 
tion of ortho- and pyrophosphate in the preceding experiment, the pyro- 
phosphatase system was coupled with the system which activates the 
carboxyl group of methionine; the latter enzyme catalyzes an exchange 
between pyrophosphate and ATP in the presence of methionine (10). 
With both enzymes present, the exchange of P® between ATP and ortho- 
phosphate could be measured by the reactions 


PPase 
Pr 


ATP + methionine 


with water. Thus, in the 11 minute experiment (Table III), 38 per cent hydrolysis 
as determined by the P*? data will reduce the O'8 content of the phosphate to 3.50 
per cent, whereas the oxygen turnover of 0.517 umole will cause a maximal further 
decline of 0.18 per cent, a value too small for analytical detection. 
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In control experiments it was demonstrated that ATP did not affect the 
rate of pyrophosphate hydrolysis or the rate of phosphate water exchange. 
A preliminary series of experiments on the rates of orthophosphate and 
ATP exchange was used to determine the amount of MAE needed so that 
its level was not rate-limiting. The relative amounts of PPase and MAE 
added in the experiments presented in Table IV are such that the incorpora- 
tion of P® into ATP is doubled when the amount of PPase is doubled. 
The relative rates of P turnover in three experiments with orthophosphate 
labeled with P® and O'§ catalyzed by PPase and MAE are tabulated in 
Table IV. The P® values of ATP were corrected for a blank at zero time. 
The average value for the ratio of O:2P turnover of 578 agrees well with 
the values obtained in the experiments with PPase alone (Table III). 

A partial hydrolysis of pyrophosphate, approximately 25 per cent, was 
carried out in H,O'* (1.2 atoms per cent excess) and the unhydrolyzed 
pyrophosphate was isolated chromatographically. The recovered pyro- 
phosphate was hydrolyzed in acid to orthophosphate and analyzed for 
Q'8; it was found to contain no excess O'8. 


DISCUSSION 


The finding that the rate of the phosphate-water exchange reaction 
catalyzed by pyrophosphatase is approximately 500 times faster than the 
rate of the complete reversal of the hydrolytic reaction suggests that 
hydrolysis of pyrophosphate occurs in two steps. One formulation involves 
the formation of an enzyme phosphate intermediate as proposed in equa- 
tions (1) and (2). A consequence of the proposed mechanism which can 
be experimentally verified is a different dependence on pH of the rate of 
P® incorporation into pyrophosphate from the rate of the phosphate-water 
exchange. 

The hypothesis that the intermediate is a ‘‘phosphorylated enzyme” 
with the phosphorus covalently bonded to the enzyme is an attractive 
one; direct proof would entail the isolation of the intermediate. The 
applicability of the exchange reaction as evidence for this type of mechanism 
has been discussed by Koshland (14). This type of mechanism has been 
suggested for other phosphatases both for hydrolytic and transferring 
activities (15). 

An alternative mechanism for the catalysis of the phosphate-water 
exchange may be postulated. The attachment of the phosphate to the 
active site of the enzyme would enhance the probability of formation of 
an addition compound with water. The reversal of this reaction results 
in exchange, as shown in equation (3). 
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O HO® OH O18 
| 
HO—P—O- + HO—P—O- — + H.O'% (3) 
O- O- O- 


This mechanism cannot be eliminated on theoretical or experimental 
grounds. However, it implies that water can react with phosphate on the 
surface of the enzyme more readily than another phosphate molecule since 
the rate of reaction with water, 7.e. exchange, is more rapid than pyro- 
phosphate formation. 

Yet another mechanism involving the addition of water may be envisaged 
as formulated in equation (4). 


O O HO OH OH OH 
-1 —2 
O- O O- O- 
(4) 


2HO—P—O- + H:O 
O- 


An analogous mechanism has been ascribed to the acid and alkaline hydrol- 
ysis of carboxylic esters (16) because of the exchange observed between 
the unhydrolyzed ester and the oxygen of the medium. The failure to 
observe such an exchange with unhydrolyzed pyrophosphate in the pres- 
ent investigation does not entirely eliminate this mechanism (14). How- 
ever, to explain the relative rates of orthophosphate-pyrophosphate 
exchange and phosphate-water exchange by this mechanism would neces- 
sitate the unlikely assumption that k_2 is 500 times greater than k_,. 

Regardless of the detailed mechanism, the ability of the enzyme to 
catalyze a phosphate-water exchange categorizes it as a phosphoryl- 
transferring enzyme. If water is not a specific acceptor, transfer to other 
compounds would be anticipated with either pyro- or orthophosphate. 

The role of magnesium is pertinent to any consideration of mechanism. 
The activating effect of magnesium on the hydrolysis of pyrophosphate 
has been studied by many investigators and, in particular, with the crys- 
talline enzyme from yeast by Kunitz (8). A study of rat brain pyrophos- 
phatase by Robbins, Stulberg, and Boyer (13) supports the interpretation 
that magnesium pyrophosphate is the substrate for the enzyme. The 
data presented in this paper similarly supply evidence that magnesium 
phosphate is the substrate for the exchange reaction. 
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The non-enzymatic exchange reaction of phosphate and water and the 
hydrolysis of pyrophosphate differ radically in mechanism from the 
enzymatic reactions. A detailed kinetic investigation of the phosphate- 
water exchange in highly concentrated phosphoric acid solutions at elevated 
temperatures (17) leads to the conclusion that the exchange occurs by 
dehydration, 72.e. by complete reversal of pyrophosphate hydrolysis. 
The complete reversal of pyrophosphate hydrolysis does not occur in the 
enzymatically catalyzed phosphate-water exchange. In the non-enzymatic 
hydrolysis of pyrophosphate, calcium has been found to be an effective 
activator and magnesium is slightly inhibitory (18), again contrary to the 
effects found in the enzymatic reaction. 

The phosphate-water exchange observed in other systems mentioned 
earlier (1-7) may be due wholly or in part to the presence of inorganic 
pyrophosphatase in these systems. In the case of mitochondria, however, 
this enzyme is probably not responsible for the major part of the phos- 
phate-water exchange observed during oxidative phosphorylation. First, 
the pyrophosphatase-catalyzed exchange is not inhibited at concentra- 
tions of 2,4-dinitrophenol which inhibit the mitochondrial reaction. 
Second, the reaction in mitochondrial preparations does not show the 
same magnesium dependence exhibited by pyrophosphatase. However, 
the mechanism of action of the enzyme catalyzing the exchange in mito- 
chondria may be analogous to that of inorganic pyrophosphatase. Investi- 
gations are in progress which bear on this point. 


The author wishes to thank Mrs. S. Krueger for her able technical 
assistance in this work. 


SUMMARY 


A crystalline preparation of inorganic pyrophosphatase from yeast 
has been found to catalyze the exchange of O'*-labeled inorganic phos- 
phate with water. The reaction is activated by magnesium and inhibited 
by calcium. The ratio of the rate of the phosphate-water exchange to 
that of orthophosphate (P*) with pyrophosphate was found to be of the 
order of 500. It can be concluded that the phosphate-water exchange 
does not occur by over-all reversal of pyrophosphate hydrolysis but may 
represent one step in the sequence of reactions involved in pyrophosphate 
hydrolysis. Possible mechanisms of the phosphate-water exchange and 
their implications are discussed. 
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ON THE METABOLISM OF THE ACID 
GLYCOPROTEIN IN PLASMA 


By HARRY BOSTROM, LENNART RODEN, anv IKUO YAMASHINA 


(From the Department of Metabolic Research of the Wenner-Gren Institute, 
University of Stockholm, and Chemistry Department II, 
Karolinska Institute, Stockholm, Sweden) 


(Received for publication, September 6, 1957) 


One of the best characterized of the plasma proteins is the a;-glycoprotein. 
Its chemical composition, especially that of the carbohydrate moiety, has 
been studied extensively by several workers (1-5). The carbohydrates 
account for 20 to 40 per cent of the substance, according to the animal 
species, and consist of neutral sugars, amino sugars, and sialic acid. 

However, the metabolism of the a;-glycoprotein is essentially unknown. 
This problem was approached by studying the incorporation of C'* into 
the a;-glycoprotein of guinea pig plasma after an injection of glucose-U-C" 
(uniformly labeled glucose). The results indicate that the turnover of the 
a;-glycoprotein is considerably higher than that of other plasma proteins 
(6) and that the major portion of the radioactivity is contained in the 
carbohydrate moiety. 


EXPERIMENTAL 
Preparation of a;-Glycoprotein 


Guinea pigs weighing about 250 gm. were injected intraperitoneally with 
10 ue. of glucose-U-C"™ per 100 gm. of body weight. Five groups of thirteen 
animals each were killed at different times after the injection by severing 
the carotid arteries under ether anesthesia. The blood was collected in 
silicone-treated beakers containing 0.5 ml. of a 1 per cent heparin! solution. 
1 ml. of a 3.9 per cent solution of trisodium citrate dihydrate was added 
for each 9 ml. of blood. The plasma was then collected by centrifugation 
at room temperature and fractionated by ammonium sulfate according to 
the method of Weimer and Winzler (5). 

The major portion of the proteins was contained in the first precipitate 
which was called ‘‘the bulk of the plasma proteins.”? It was suspended in 
water, dialyzed, and finally lyophilized. 

The final precipitate, the glycoprotein, was collected by centrifugation at 
high speed below 5°, dialyzed, filtered, and lyophilized. About 30 mg. 
of glycoprotein were obtained from 80 to 90 ml. of blood from thirteen 


1 Obtained from the Vitrum Company, Stockholm, Sweden. 
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guinea pigs. The preparations were essentially homogeneous in paper 
electrophoresis at pH 4.3. 


Analysis 


The glycoprotein was analyzed for total neutral sugar, amino sugar, and 
sialic acid. Total neutral sugar was determined by the orcinol reaction 
according to the method of Hewitt (7). Sialic acid in the intact glyco- 
protein was determined by Bial’s reaction as described by Werner and 
Odin (8). Estimation of the amino sugar was carried out by the Rimington 
modification of the Elson-Morgan method (9). Analytical values for the 
sugar components of a typical glycoprotein preparation are shown in Table I 
and compared with those reported by Weimer and Winzler (5). 


TABLE I 
Analytical Figures for Carbohydrate Components of a,-Glycoprotein 


Preparation by authors 


per cent per cent 
8.6 11.1 


Separation of Sugar Components 


Sialic acid, glucosamine, and the total neutral sugar were separated in 
the following way. 

The glycoprotein was dissolved in 0.01 N H2SO, at a concentration of 
0.5 per cent. The solution was adjusted to pH 2.0 and heated at 100° for 
1 hour. After hydrolysis, the reaction mixture was put on a 0.9 cm. X 
25 em. column of Dowex 2 (200 to 400 mesh, formate form) which had been 
washed with distilled water. A stepwise elution was carried out with water, 
0.1 N formic acid, and finally 0.3 n formic acid. 

The sialic acid-free degraded glycoprotein, eluted with water, was 
lyophilized. 20 to 25 mg. could be recovered from 30 mg. of the initial 
material, and the material was saved for the separation of the amino sugar 
and total neutral sugar as described below. 

Three Ehrlich-positive (8) peaks were obtained by eluting the Dowex 
column with 0.1 N and 0.3 Nn formic acid. These were considered to be 
different types of sialic acid as pointed out in a previous publication by 
one of the authors (4). All fractions containing sialic acid were pooled 
and lyophilized. The product was dissolved in 0 1 N formic acid, and the 
specific activity was determined. 
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For the isolation and identification of the amino sugar, 10 mg. of the 
degraded glycoprotein were hydrolyzed at 100° in 6 N HCl for 8 hours. 
The hydrolysate was chromatographed according to the method of Gardell 
(10). A single peak corresponding to glucosamine was obtained. The 
specific activity was constant throughout the peak, indicating the absence 
of radioactive contaminants (Fig. 1). ; 

Total neutral sugar was isolated from the rest of the degraded glyco- 
protein after hydrolysis in 2 N H2SO, for 12 hours at 100°. The hydrolysate 
was passed through a 0.9 em. X 25 em. column of Dowex 2 (200 to 400 
mesh, formate form) and subsequently through a 0.9 em. XK 25 cm. column 


200 r 20 

> 
£ 
100 410 2 
° = 
° 
O 
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24 26 28 30 32 34 
Fraction nr 
Fic. 1. Chromatography of glucosamine from a;-glycoprotein on Dowex 50. O, 
amino sugar, y per ml.; @, radioactivity. 


20 


of Dowex 50 (200 to 400 mesh, H+ form, X-4). The total neutral sugar 
fraction was purified on a 0.5 cm. X 4 cm. carbon column according to the 
directions of Lindberg and Wickberg (11). The eluates corresponding to 
the total neutral sugars were shown to be free from ninhydrin-positive 
substances and acetylamino sugar. 


Radioactivity Measurements 


The glycoprotein and the “bulk of plasma proteins” were burned, and 
the COz was plated as barium carbonate. The radioactivity was measured 
in a Geiger-Miiller apparatus with an end window tube and corrected to 
infinite thickness. The chromatographic fractions were plated on frosted 
aluminum planchets, and the radioactivity was counted at infinite thinness 
in an end window counter as well as in a windowless flow counter. The 
corrections for self-absorption and calculations of specific activities were 
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made according to Yankwich et al. (12). Sufficient impulses were counted 
to maintain the error below 3 per cent. 


Results 


The incorporation of C'4 from glucose-U-C" into a;-glycoprotein reached 
a maximum approximately 24 hours after injection (Fig. 2, Curve I), 


Counts/min./mq Carbon. 
/ / 9 
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Fic. 2. Uptake of C' in plasma proteins, a;-glycoprotein, and its sugar com- 
ponents at various times after the administration of glucose-U-C'. Curve I, glyco- 
protein; Curve II, bulk of the plasma proteins; Curve III, sialic acid; Curve IV, 
neutral sugars; and Curve V, glucosamine. 


The greatest incorporation of C'* was observed in the total neutral sugar 
component (Curve IV) of the carbohydrate moiety. Although the uptake 
by sialic acid and glucosamine (Curves III and V) was considerably less 
than that of the total neutral sugar fraction, it was higher than the uptake 
by the whole glycoprotein. 

At 48 hours, the specific activity of the glycoprotein had declined to 
half of the maximal value. The concentration of C" in the “bulk of the 
plasma proteins,’”’ which was much lower than that of the a;-glycoprotein, 
reached a maximum at or before 12 hours after injection and decreased 
more slowly. 
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The curves for the total neutral sugar and sialic acid are similar to that 
of the glycoprotein. Glucosamine, however, seems to have attained 
maximal labeling earlier than the other components. 


DISCUSSION 


The results reported in this paper show that C' was incorporated into 
a,-glycoprotein after an injection of glucose-U-C", and a rough estimate 
indicated that approximately two-thirds of the activity was present in 
the carbohydrate moiety. The specific activity of the neutral sugar frac- 
tion was especially high, about twice that of the sialic acid and glucosamine 
24 hours after injection. Unfortunately, the amounts obtained were too 
small to permit further separation for assessing the specific activity of the 
different components. 

The descending part of the time-activity curve of the glycoprotein (Fig. 2, 
Curve I) did not strictly follow first order kinetics, and it was therefore 
not possible to determine accurately the decay rate of the glycoprotein. 
The half life time appears to be in the neighborhood of 1 to 2 days for the 
whole glycoprotein as well as for the carbohydrate components under the 
present experimental conditions. | 

The bulk of the plasma proteins, on the other hand, had a considerably 
lower C' concentration and seemed to have a somewhat longer half life 
time than the glycoprotein in agreement with previous work reviewed by 
Tarver (6). 


SUMMARY 


C-labeled a:-glycoprotein was isolated from the plasma of guinea pigs 
at different times after intraperitoneal injection of glucose-U-C™“. The 
time-activity curve indicated maximal labeling 24 hours after injection 
and a rapid turnover with a half life time of approximately 1 to 2 days. 
The bulk of the plasma proteins had a considerably lower specific activity 
and a slower turnover. 

Sialic acid, glucosamine, and the total neutral sugar fraction of the 
glycoprotein were isolated in a chromatographically pure state, and their 
specific activity was determined. The time-activity curves for sialic acid 
and neutral sugars followed that of the glycoprotein, while glucosamine 
attained maximal specific activity at or before 12 hours after injection. 


The authors are grateful to Professor E. Jorpes and to Dr. J. Méllerstré6m 
for the facilities they have placed at our disposal. This investigation was 
supported by a personal grant for one of the authors (I. Y.) given to Pro- 
fessor E. Jorpes from the State Medical Research Council and by research 
grants from the State Medical Research Council and King Gustaf’s 
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80th Birthday Fund. The technical assistance of Miss K. Carlsson and 
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TURNOVER RATES OF BLOOD GLUCOSE IN NORMAL DOGS 
DURING HYPERGLYCEMIA INDUCED BY 
GLUCOSE OR GLUCAGON* 


By GEORGE A. REICHARD,T BERNICE FRIEDMANN, ALFRED 
R. MAASS, ann SIDNEY WEINHOUSE 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
the Smith, Kline and French Laboratories, and the Department of Chemistry, Temple 
University, Philadelphia, Pennsylvania) 


(Received for publication, August 12, 1957) 


An isotope tracer procedure for the determination of entry and removal 
rates of blood glucose has been described, and its application to a study 
of effects of insulin on these rates in normal dogs has been reported (1, 2). 
It was found in these studies that the immediate hypoglycemic effect of 
insulin was due to both an acceleration of glucose removal from and an 
inhibition of its entry into the blood. During the course of these studies, 
experiments were also conducted on turnover rates of blood glucose in the 
hyperglycemic state, and these are described in the present report. It was 
found, in agreement with certain previous investigators, that hypergly- 
cemia in normal dogs leads not only to an increased glucose removal, 
but also to an essentially complete suppression of glucose entry, which 
persists until the blood sugar falls to normal. The same pattern of re- 
sponse was observed whether the hyperglycemia was induced by glucose 
njection or by glucagon injection.! 


Methods 


In general, the plan of the experiments followed closely that reported 
previously (2). An initial 2 ml. blood sample was obtained from an 
external jugular vein of a 24 hour fasted dog, and a ‘‘trace”’ dose of uni- 
formly labeled glucose, representing less than 1.5 per cent of the body pool, 
was injected. Blood samples of 2 ml. each were collected at 15 minute 
intervals for 45 to 80 minutes to establish the normal postabsorptive 


* This work was supported by grants from the National Institutes of Health, the 
American Cancer Society, and the United States Atomic Energy Commission, con- 
tract No. AT(30-1)777. We acknowledge with thanks the technical assistance of 
Andrew J. Polk, William J. Novick, and Edward H. Goodman. 

t This work will constitute part of a thesis to be submitted by George A. Reichard 
to the Graduate Council of Temple University in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

' Several preliminary experiments indicate that the response of normal dogs to 
hyperglycemia induced by epinephrine also follows exactly the same pattern given 
by glucose or glucagon. 
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blood sugar turnover rate. Then either inactive glucose at a dosage of 
0.75 gm. per kilo or purified glucagon? at a dosage of 0.1 mg. per kilo was 
injected intravenously, and blood samples were collected at frequent 
regular intervals (usually every 5 to 10 minutes for the Ist hour and every 
20 to 30 minutes thereafter). In some experiments insulin was also given 
at the time of administration of glucose or glucagon. Determinations 
of levels and specific activities of the blood glucose were conducted exactly 
as described earlier (2). The labeled glucose was obtained from the Nu- 
clear Instrument and Chemical Corporation, Chicago, on allocation by 
the United States Atomic Energy Commission. The dosage given, ap- 
proximately 50 uc., was such that final radioactivities at the close of an 
experiment were sufficiently high for measurement with an error of <5 
per cent. 


Results 


Glucose Turnover during Hyperglycemia Induced by Glucose Administra- 
tion—In Fig. 1 there are shown the results of an experiment in which 
hyperglycemia was induced by the intravenous injection of glucose. A 
24 hour fasted female dog weighing 12.6 kilos was given a trace dose (9.9 
mg.) of uniformly C-labeled glucose. Subsequent changes in the blood 
sugar levels and in the specific activity are disclosed in separate curves. 
During the ensuing 60 minutes the blood sugar remained essentially con- 
stant at 105 mg. per 100 ml., while the specific activity dropped logarithmi- 
cally at a linear rate. Then 8 gm. of non-isotopic glucose, dissolved in 
20 ml. of water, were injected at a constant rate during the next 5 minutes. 
Blood samples were then taken at approximately 5 minute intervals for 
the next 30 minutes and at less frequent periods thereafter for a total of 
220 minutes. 14 minutes after beginning the glucose injection, the blood 
glucose reached a maximum of 275 mg. per 100 ml. During this period 
its specific activity dropped from 16,000 to 5600 ¢c.p.m., a result of dilution. 
Then the blood glucose level dropped extremely rapidly, and in 44 minutes 
it had reached a low point of 86 mg. per 100 ml. During this period of 
essentially linear fall in blood sugar content, the specific activity reached 
a plateau and remained essentially constant for the next 44 minutes 
at 6300 c.p.m. Since this interval coincided exactly with the hyper- 
glycemia, there seems little doubt that glucose does not enter the blood 
under this condition. Coinciding temporally with the leveling off of 
the blood sugar content, there was a resumption in the downward trend 
of the specific activity with a slope near to that observed originally. 


2 Lot No. 208-108B-234, obtained through the kindness of Eli Lilly and Company, 
Indianapolis. It was reported to contain 0.005 unit of insulin per mg. The same 
company supplied the glucagon-free insulin. 
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In the preceding paper of this series (2) we showed how it is possible to 
calculate rough, though probably reliable, approximations of entry and 
removal rates of blood glucose from curves such as those shown in Fig. 1. 
Results of such calculations are shown in Fig. 5, A. During the 60 minute 
period of blood sugar constancy following the administration of the trace 
dose of glucose-C", the drop in specific activity corresponded to a turnover 
rate of 1.1 mg. per 100 ml. per minute. Because of the time required to 
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Fic. 1. Time-course of blood sugar concentration and specific activity before and 
during hyperglycemia. Blood sugar level, broken line, right ordinate; specific ac- 
tivity, solid line, left ordinate plotted on a logarithmic scale. The arrow indicates 
the time when glucose was injected. Radioactive glucose was administered at zero 
time. 


inject the large quantity of non-isotopic glucose, a blood sample was not 
obtained for 14 minutes. During the 44 minute period of rapid and linear 
blood sugar drop, the entry rate was, of course, zero, while the removal 
rate increased to 4.3 mg. per 100 ml. per minute or about 4 times the initial 
rate. During the subsequent interval of blood sugar constancy, a rate 
of turnover was resumed near to the initial, viz. 0.9 mg. per 100 ml. per 
minute. 

Figs. 2 and 5, B show the results of an experiment in which the same dog 
was given 11 units of insulin together with 8 gm. of glucose. Essentially 
the same pattern of response was elicited, except that the blood sugar 
fell at a much more rapid rate and reached a lower level. Ig this experi- 
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ment the initial blood glucose level was 100 mg. per 100 ml., with a turn- 


over rate of 1.3 mg. per 100 ml. per minute. 


ml. 3 minutes after the injection. 
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Fic. 2. Effect of insulin on time-course of blood sugar concentration and specific 
activity during glucose-induced hyperglycemia. The arrow shows the time of simul- 
taneous administration of glucose and insulin. Other information is in the legend of 
Fig. 1. 


average drop during this period of 4.3 mg. per 100 ml. per minute. The 
drop was much more rapid for the first 34 minutes; during this time it 


3 This experiment illustrates a phenomenon which shows why it is difficult to cal- 
culate accurate values for turnover rates immediately following the injection of large 
quantities of glucose. The specific activity increased somewhat rather than reach 
a plateau. It was reasoned that this was most probably due to lack of equilibration. 
It is not difficult to conceive that a highly concentrated glucose solution injected 
into one of the external jugular veins might not equilibrate rapidly with the main 
bulk of the blood; consequently, early samples drawn from an opposite jugular vein 
might not be representative of the whole body blood. To check this point, a similar 
experiment was conducted, but the glucose was injected into one of the external 


veins of a hind leg, and the blood samples were drawn from a jugular vein. Under 
these conditions a clear-cut plateau was obtained. 


Then, while the specific activity leveled 
off.* the blood sugar dropped to 54 mg. per 100 ml. in 74 minutes, for an 


After administration of 
glucose and insulin, the blood sugar reached a peak of 375 mg. per 100 
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fell linearly, from 375 to 68 mg. per 100 ml. This corresponds to a disap- 
pearance of 9.0 mg. per 100 ml. per minute, a rate about 7 times the initial. 
The blood sugar then remained almost constant for about 1 hour, then 
gradually rose to normal, while the turnover rates returned to the essentially 
initial value of approximately 1 mg. per 100 ml. per minute. 

Glucose Turnover during Hyperglycemia Induced by Glucagon—The 
results of an experiment in which blood glucose turnover was followed 
during glucagon-induced hyperglycemia are illustrated in Figs. 3 and 
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Fig. 3. Time-course of blood sugar concentration and specific activity before and 
during hyperglycemia induced by glucagon injection. The arrow shows the time of 
glucagon injection. Other information is in the legend of Fig. 1. 


5,C. In this experiment the initial drop in specific activity corresponded 
to a ‘‘turnover” rate of 1.1 mg. per 100 ml. per minute with a glucose level 
of 96 mg. per 100 ml. On addition of glucagon intravenously in a dose 
of 0.1 mg. per kilo, the blood sugar level rose rapidly at a steady rate and 
reached a maximum in 14 minutes at 192 mg. per 100 ml. During this 
rapid rise there was, of course, a large dilution of the labeled glucose, and 
the specific activity dropped from 19,500 c.p.m. to 8600 c.p.m. By using 
Equations 2 and 3 of the previous study (2), we calculated an approximate 
entry rate during this period of 7.5 mg. per 100 ml. per minute, almost 7 
times the initial rate, while the rate of removal increased only slightly, 
viz. to 1.7 mg. per 100 ml. per minute. During the next 40 minutes of 
hyperglycemia, while the blood sugar dropped from 192 to 98 mg. per 
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Fic. 4. Effect of insulin on blood sugar concentration and specific activity during 
glucagon-induced hyperglycemia. The arrow shows the time of injection of glucagon 
and insulin. Other information is in the legend of Fig. 1. 
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Fic. 5. Blood glucose entry and removal 
rate, solid line; removal rate, broken line. A, 
and 4, respectively. 


rates during hyperglycemia. Entry 
B, C, and D refer to Figures 1, 2, 3, 


100 ml., there was essentially no glucose entry, the specific activity having 


reached a plateau at about 8000 c.p.m. 


In this same interval the re- 


moval rate was 2.3 mg. per 100 ml. per minute or about twice the initial. 
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Again, as with the glucose-induced hyperglycemia, the final period of 
normoglycemia, ranging between 90 and 100 mg. per 100 ml., was marked 
by a return to a rate of turnover close to the initial rate (actually somewhat 
lower in this experiment). 

In Figs. 4 and 5, D, there are given data from an experiment in which 
both glucagon and insulin were injected simultaneously. It is most in- 
teresting to note the temporal relations in the actions of each of these 
hormones. Following the injection of insulin and glucagon, the blood 
sugar rose from 85 mg. per 100 ml. to 180 mg. per 100 ml. in 10 minutes, 
remained at this level for 10 minutes, then dropped rapidly, and in 30 
minutes reached the minimum of hypoglycemia at 40 mg. per ml. There- 
after it rose slightly but was still low, at 60 mg. per 100 ml., at the close of 
the experiment 100 minutes later. Following the initial linear turnover 
rate of 1.1 mg. per 100 ml. per minute, the specific activity dropped very 
rapidly, reflecting a greatly increased rate of entry, approximately 10 
times the initial. During this interval there was also a greatly increased 
removal rate, about 10 times the initial. While the action of insulin in 
suppressing glucose entry was completely overcome, insulin was still 
apparently exerting its stimulatory action on glucose removal. Thus, 
under the conditions employed, glucagon stimulated hepatic glucose out- 
put, while insulin increased peripheral utilization, each effect occurring 
without noticeable interference by the other. The effect of insulin on 
glucose entry, though suppressed during the period of glucagon action, 
came into play when the latter was over; there was then a very rapid drop 
in blood sugar level, corresponding to a removal rate of about 4 mg. per 
100 ml. per minute, while of the specific activity remained constant, 
indicating suppression of hepatic output. Subsequent to the hyperglycemic 
action of glucagon, the response was exactly the same as that brought 
about by insulin on glucose-induced hyperglycemia. 


DISCUSSION 


In demonstrating that entry of glucose into the blood is suppressed 
during hyperglycemia, the experiments here described directly confirm 
previous findings of Searle and Chaikoff (3) and amplify earlier experi- 
ments, which by using hepatic venous catheterization, have shown di- 
minished hepatic glucose output during hyperglycemia in dogs (4, 5) and 
man (6, 7). Although the mechanism whereby hyperglycemia affects 
the hepatic glucose output is not yet clear, there are good grounds for 
the belief that insulin plays a large, if not the only, role in this process. 
For example, the diabetic human (7-9) and the depancreatized dog (5, 
10-14), lacking insulin, display in hyperglycemia rates of hepatic glucose 
output similar in magnitude to those of normal subjects in normal glycemia. 


try | 
, 3, 
ing 
re- 
ial. 


394 TURNOVER RATES OF BLOOD GLUCOSE 


Bearn et al. (15), using hepatic venous catheterization, found that insulin 
caused an immediate drop in hepatic glucose output in diabetic as well 
as in normal humans, and we have also observed the same immediate 
suppression by insulin of glucose entry into the blood of diabetic humans 
with hyperglycemia as we have observed in non-diabetic humans‘ and in 
normal dogs with normoglycemia (2). The present experiments, which 
have shown that added insulin prolongs and intensifies the effects of 
hyperglycemia, but otherwise does not alter the pattern of entry of blood 
glucose during hyperglycemia, suggest further that insulin is the direct 
agent by which hepatic glucose output is suppressed. 

The present experiments also clearly show that hyperglycemia accelerates 
peripheral utilization of glucose. In the experiments cited here, the rates 
of glucose removal from the blood were considerably increased in hyper- 
- glycemia over the postabsorptive levels. With glucose-induced hyper- 
glycemia, which brought the blood sugar up to about 3 times the normal 
level, there was a 4-fold increase in disappearance rate; the linear blood 
sugar drop indicates that this rate persisted until the blood sugar reached 
essentially the normal level. In the glucagon-induced hyperglycemia, 
in which the blood glucose concentration was doubled, the rate of removal 
was increased somewhat less than 2-fold; here again, it remained high for 
the entire period of hyperglycemia. 

With each type of hyperglycemia, insulin greatly increased the removal 
rate and induced a marked ultimate hypoglycemia. When combined 
with glucose administration, the removal rate during the 37 minutes im- 
mediately following insulin injection was about 7 times the fasting rate 
and thus was about double that without insulin. With glucagon-induced 
hyperglycemia the removal rate with insulin also was about twice that 
without insulin. 

Thus, as we have already seen with regard to glucose output, insulin 
intensified, but did not otherwise change, the pattern of glucose utilization 
during hyperglycemia or its aftermath in the normal dog. These findings 
may be cited in support (but not as proof) of the somewhat controversial 
hypothesis that the acceleration of peripheral glucose utilization in hyper- 
glycemia is mediated largely by endogenous insulin secretion (cf. (16)). 

The suppression of hepatic glucose output during hyperglycemia, in 
the light of a similar action of insulin during normoglycemia (2), further 
emphasizes a probable role of insulin in controlling hepatic glucose output. 
It is generally assumed that diabetes, in so far as it reflects an insulin 
insufficiency, is primarily a disease of glucose utilization. There is no 
serious doubt that an impairment of glucose utilization is associated with 
diabetes; yet one is always confronted with the numerous observations 


4 Unpublished observations. 
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which indicate that, when measured either by arteriovenous differences 
(5, 7-9) or by isotopic studies of turnover rates (3, 11-14), the rates of 
glucose utilization in the diabetic animal in hyperglycemia are of the same 
magnitude as those of the normal animal under normal glycemia. The 
most striking difference between the normal and diabetic animal is that 
the latter is spilling glucose into the blood during hyperglycemia. It 
has sometimes been suggested (see, for example, Stadie (17)) that this 
is a compensatory reaction which allows the diabetic animal to use glucose 
as efficiently as does the normal animal at a lower blood sugar level. How- 
ever, the immediate suppressive action of insulin on hepatic glucose output 
emphasizes the possibility that uncontrolled hepatic glucose output may 
play as important a part as peripheral underutilization in the elicitation 
of hyperglycemia in diabetes. 

The experiments on glucagon-induced hyperglycemia are of additional 
interest for the information they provide on the action of this hormone. 
The effect of this hormone was rapid and powerful even though its duration 
was short. It completely overcame the effect of insulin in suppressing 
hepatic glucose output, but did not affect its influence in accelerating 
glucose utilization which is occurring presumably in peripheral tissues. 

Elrick et al. (18), on the basis of the action of glucagon in increasing 
arteriovenous differences in blood sugar content, suggested that this 
hormone increased the peripheral utilization of glucose. In our experi- 
ments, the increase in glucose removal was no greater than could be ac- 
counted for by the induced hyperglycemia. However, these results do 
not provide categorical evidence against such an effect, since the rates 
here calculated are considered only approximations, and the data are 
too sparse for statistical evaluation. 

Many hypotheses have been advanced for the hyperglycemic action 
of glucagon (19-21). However, the most direct evidence places the action 
of this hormone at the enzyme, phosphorylase, in liver (22-24). Our 
findings are in accord with such an action of glucagon, and the recent 
report, by Cahill et al. (24), that peak stimulation of liver phosphorylase 
im vivo occurs 15 minutes after a single injection agrees with the time ef- 
fects of glucagon on hepatic glucose output observed in the present study. 

In this paper, as in the previous one (2), the terms ‘‘entry” and ‘“‘re- 
moval,” as applied to the blood glucose, are used without definite commit- 
ment as to the organs involved. We assume that the liver is the principal 
organ involved in entry, and independent evidence for this conclusion 
has been obtained in glucose turnover studies in hepatectomized dogs.‘ 
Though it is generally assumed that glucose is utilized mainly via the 
peripheral tissues, Bouckaert and de Duve (25) indicate that. under certain 
conditions the liver plays the major role. The present study does not 
provide a distinction between different routes of utilization. 
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SUMMARY 


An isotopic tracer procedure has been applied to the study of blood 
glucose entry and removal rates during hyperglycemia in normal dogs. 
Following an intravenous injection of a trace dose of glucose-C™ into a 
normal, fasting dog, the blood sugar remained constant while the specific 
activity dropped logarithmically at a rate equivalent to a turnover rate 
of approximately 1 mg. per 100 ml. per minute. On injection of sufficient 
glucose_to raise the blood sugar to approximately 300 mg. per 100 ml., 
the specific activity dropped quickly, then reached a plateau during 
the entire period of hyperglycemia, after which it resumed its downward 
course at about the initial rate. With hyperglycemia induced by glucagon, 
a similar pattern was observed; the glucose reached a level of about 180 
mg. per cent, and here too a plateau was observed in the specific activity 
during the entire course of hyperglycemia. Simultaneous administration 
of insulin with either glucose or glucagon intensified the rate of glucose 
disappearance following either type of hypoglycemia, but otherwise did 
not affect the pattern of response to hyperglycemia. ‘The results indicate 
that hepatic glucose output is largely or totally suppressed during hyper- 
glycemia. They are in accord with the hypothesis that suppression of 
blood glucose entry during hyperglycemia is a reflection of an immediate 
effect of insulin on hepatic glucose output. 
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ANALYSIS, FRACTIONATION, AND PURIFICATION OF EGG 
WHITE PROTEINS WITH CELLULOSE- 
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A promising advancement in the fractionation and purification of pro- 
teins has been the recent introduction of the use of cellulose ion exchangers 
by Peterson and Sober and coworkers (1-4). These cellulose exchangers 
appear especially valuable because of their comparatively large capacity 
for adsorbing proteins, and the mild conditions required for elutions with 
sharp separations. Several investigators have employed these exchang- 
ers, especially those of the anion type (4-7). Sober et al. (4) described 
an inclusive separation of the proteins of blood serum by means of 
an anion exchanger (diethylaminoethanol-cellulose) in an analytical and 
preparatory scheme. 

Cellulose exchangers have been netomat in this laboratory in a general 
study of the properties and interactions of the several biochemically unique 
egg white proteins. The present report concerns studies with carboxy- 
methylcellulose for the separation of the proteins of egg white in analytical 
and preparatory procedures. This exchanger was particularly useful 
for the preparation of large quantities of individual proteins, the purifica- 
tion of crude samples, the concentration of proteins from dilute solutions, 
and the direct separation of constituents heretofore unrecognized or only 
separable with great difficulty. 


Methods 


Preparation of Egg White for Chromatography—Carefully blended (8) 
egg white was dialyzed against the starting buffer for 2 days at 2°. The 
small insoluble precipitate was removed by centrifuging and discarded. 
The precipitate contained 4 to 6 per cent of the original nitrogen.! The 
supernatant fluid, which was a clear or only slightly cloudy, yellowish 


* Published with the approval of the Director as Paper No. 827, Journal Series, 
Nebraska Agricultural Experiment Station. This investigation was supported in 
part by a research grant (No. 857-C) from the Division of Research Grants of the 
National Institutes of Health, Public Health Service. 

1 This precipitate is what is frequently termed crude ovomucin. When it is pre- 
cipitated by dilution or dialysis of egg white, it consists of a complex of mucopro- 
teins, lysozyme, and other proteins. 


399 


| 
| 


400 EGG WHITE PROTEINS 


solution, constituted the initial material. Crude proteins which had 
been prepared by other means were equilibrated with the starting buffer 
for several days before chromatography. 

Preparation and Use of Carboxymethylcellulose—The carboxymethyl- 
cellulose was prepared according to the procedure of Peterson and Sober 
(3). All definitive experiments were made with material made from Solka- 
Floc BW-200, a wood cellulose product obtained from the Brown Company, 
Boston, Massachusetts. 

Flow rates of approximately 3 ml. per minute were obtained with columns 
of the exchanger 10 cm. long and 2 cm. wide with a hydrostatic head of 
60 to90cm. Fractions were collected with an automatic fraction collector. 
Elution was accomplished by changing the pH of the eluting buffer, except 
in certain specified cases in which changes in ionic strength were used. Two 
methods of elution were employed; a gradient elution (4) and elution by 
stepwise changes of the buffer. Separations were performed at room tem- 
perature unless otherwise noted. A variety of buffers was satisfactory 
for the necessary pH range (pH 4.0 to 10.5). Acetic acid-ammonium 
hydroxide (0.1 mM with respect to acetate) or acetate, phosphate, and car- 
bonate of ionic strength 0.025 used in series were employed in most of 
the studies. 

For large scale preparations, the material under study was stirred gently 
for 10 to 20 minutes with an adsorbent (approximately 3 to 5 gm. of ex- 
changer per 1 gm. of protein adsorbed) which was buffered at a pH ap- 
proximately 0.5 unit more acid than the isoelectric pH of the protein to be 
separated. ‘The suspension was filtered and the residue washed. The 
desired protein was next eluted by mixing the residue with a buffer at 
a pH more alkaline than the isoelectric point of the protein. 

Specific Protein Analysis—Biochemical and biological determinations 
were used for qualitative and quantitative measurements of most of the 
proteins. Avidin was determined by its biotin-binding capacity in the 
yeast growth assay according to Eakin et al. (9) with the medium of Hertz 
(10). Conalbumin was measured by its chromogenic capacity with iron 
at 470 my (11) with the buffer of Fraenkel-Conrat and Feeney (12). Oval- 
bumin was determined by the spectrophotometric determination of the 
sulfhydryl groups with p-chloromercuribenzoate (13). Ovomucoid was 
measured spectrophotometrically by utilizing its trypsin-inhibitor activity 
with p-toluenesulfonylarginine methy] ester as a substrate (14). Lysozyme 
was determined by its bacteriolytic action on Micrococcus lysodeikticus 
with the method routinely employed in this laboratory. Dehydrated cells 
of the organism were obtained from Difco Laboratories, Inc. Lysozyme 
activity was determined by measuring the rate of change of turbidity of a 
suspension of the substrate (0.3 mg. per ml.) in 0.067 m phosphate buffer 
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at pH 6.2 and containing 0.3 to 3.0 y of lysozyme per ml. The change in 
turbidity was recorded automatically by a recording spectrophotometer 
at 540 mu. The slopes of the curves obtained were directly proportional 
to the lysozyme concentration. | 

The proteins employed as standards for the specific assays were the 
following: conalbumin, non-crystalline (12) and twice crystallized (11, 
15); ovalbumin, 4 times crystallized from ammonium sulfate (16); ovo- 
mucoid, non-crystalline (17); and lysozyme, twice crystallized and _ iso- 
electrically precipitated (18). A lyophilized preparation of egg white 
was employed as the standard for avidin. The values used for the nitrogen 
eontents of the pure dry proteins were as follows: conalbumin 16.6 per 
cent, ovalbumin 15.6 per cent, ovomucoid 13.3 per cent, and lysozyme 
18.6 per cent. Riboflavin was determined microbiologically (19). 

Total nitrogen was determined by micro-Kjeldahl analysis. Estimations 
of proteins were routinely obtained by measuring the optical densities at 
280 my with a Beckman model DU spectrophotometer. 

Electrophoretic Analysis—Moving boundary electrophoretic analyses 
were performed with an American Instrument Company, Inc., portable 
electrophoresis apparatus. 1 per cent protein solutions were equilibrated 
against the buffer, potassium phosphate, 0.1 ionic strength, pH 7.0. Deter- 
minations were made at 1° with a potential gradient of <5 volts per cm. 
and for 7200 or 14,400 seconds. Paper electrophoretic analyses were 
performed with a horizontal strip or hanging strip apparatus. Buffers 
were sodium acetate 0.1 mM, at pH 4.6, sodium phosphate 0.1 M, at pH 7.0, 
or sodium carbonate, 0.1 mM, at pH 9.0. A constant current was used for 


16 to 20 hours. 


Results 


General Analysis and Fractionation of Egg White—The results of one 
experiment with ammonium acetate buffer are presented in Fig. 1. A 
stepwise elution was used. The starting pH was selected so that all of 
the proteins with the exception of ovomucoid and a riboflavin compound 
were adsorbed. The peaks could be separated further by merely increas- 
ing the volume of each buffer. In all cases the proteins were eluted near 
their reported isoelectric points. A summary of the results of this experi- 
ment based on the combined fractions under each peak of Fig. 1 is given 
in Table I. Recovery of each protein was approximately 90 per cent 
with the exception of avidin. The yields of avidin are possibly low be- 
cause of losses of activity occurring in dilute solution (21), while the 
yield of lysozyme as calculated in terms of nitrogen was low because of 
extensive losses during dialysis. In six separate experiments on the com- 
plete fractionation of egg white in which recoveries of nitrogen and specific 
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activities were determined, recoveries of all constituents were 88 +-5 per 
cent, which was considered to be high for the large number of fractions 
involved (4). The initial peak containing flavoprotein and ovomucoid 
could be rechromatographed at pH 3.7, as shown in Fig. 2. In this case, 
riboflavin was dissociated from its protein moiety and was not adsorbed, 
while the ovomucoid was eluted at pH 4.0 and the “apoprotein”’ of the 
flavoprotein was eluted at pH 4.6. 
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Fic. 1. Complete analysis and fractionation of egg white on carboxymethyl- 
cellulose. The letters on the peaks correspond to those given in Table I. The 
numbers and vertical arrows show the pH and point of change of the eluting buffers. 
30 ml. of dialyzed egg white were chromatographed on a 2.2 X 14.0 em. column with 
a flow rate of 2.5 ml. per minute. The fraction size was 15 ml. Total recovery of 
applied nitrogen was 88 per cent. A stepwise elution procedure was employed as 
described in the text. Eluting buffer was 0.1 M ammonium acetate with the further 
addition of 0.025 mM Na2CO; and 0.2 mM Na2CO; to the buffer at tube No. 310 and No. 


359, respectively. 


Quantity Preparations and Purifications—Comparatively large quantities 
(10 to 20 gm.) of the individual proteins were easily prepared by the quan- — 
tity preparation or batch process directly from dialyzed egg white. This 
usually required only a two-step process and only a small fraction of the 
time required by conventional means. In all cases it was necessary to 
purify the initial product by a refractionation on the exchanger or by 
several crystallizations. The exchanger was employed for the purification 
of proteins prepared by conventional methods ((NH,4).SO,4 or ethanol 
fractionation) as well as for refractionation of preparations from batch 
separations. Preparations made by conventional methods were frequently 
obtained in a highly purified condition by only a single batch process. 
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The most extensive work has been done on conalbumin which had been 
obtained in a very crude form by precipitation from egg white with 


TABLE I 
Analysis of Isolated Proteins from Egg White 
of 
PH of | Recov- 
buffer peak fractions From N{BY § assay | 10° 
content 
mg per cent | meg. mg. cent 
A | Ovomucoid + 3.9-4.3 | 4.3 | 4.3 | 42.2 | 12.3 | 304] 303 1.64 
flavoprotein 87 
B | Ovomucoid 3.9-4.3 | 4.4 14.4] 0.9] 0.3 6 3 1.63 
C | Ovalbumin A, 4.58 4.55) 4.5 |173.8 | 50.8 | 1106 | 1245 1.16 
D Ae 4.65 4.75) 4.65) 37.2 | 10.8 | 237 | 267); 89 (0.99 
E e A; 4.75 5.0 | 4.85) 11.0 | 3.2 70 64 0.99 
|**Globulin’”’ 5.5}5.2 3.6) 1.5 22 0.63 
G | Conalbumin 6.5-6.8 | 6.0 | 5.8 | 42.5 | 12.4 | 256 = g7 [0-86 
H ss: 6.5-6.8 | 6.7 | 6.1 | 16.1 | 4.7 97 103 0.88 
|‘‘Globulin’’ 8.0) 7.5 | 2.2 46 0.59 
J 9.5|9.3 |} 2.4] 0.7 15 0.51 
K vi 10.0 | 9.4 1.1] 0.3 7 0.50 
L | Avidin >10 0.9] 0.3 6 39f |0.42 
M |‘‘Globulin”’ 1.2] 0.4 8 0.34 
N | Lysozyme 10.7-11.3)10.0 |10.0 | 2.1] 0.6f 7Ot; 92t |0.44 


These are the combined fractions from the peaks of Fig. 1. The starting mate- 
rial was dialyzed and centrifuged egg white. Assays for specific proteins were car- 
ried out by methods described in the text. The isoelectric points listed are ranges 
quoted from Warner (20) and observations of this laboratory. 

* This figure is the reciprocal of the extinction coefficient measured in a 1 cm. cell 
at 280 my at the isoelectric pH multiplied by 10. When it is multiplied by experi- 
mentally observed optical densities, the amount of a particular protein is obtained 
in mg. per ml. The values are for unpurified fractions. 

t Total recovery of avidin equaled 50 per cent distributed between Fractions Kk, 
L, and M. 

t The assays for lysozyme were conducted on the fractions before dialysis. The 
nitrogen content was determined after dialysis, and low recovery on an N basis was 
due to extensive loss on dialysis in this particular experiment. 


(NH,)2SO, (15). Small quantities, <1 gm., were purified on a column, 
while quantities of 1 to 25 gm. were purified by the batch process. 

Fig. 3 is a diagram of the stepwise elution of a crude preparation of 
ovomucoid which had been obtained by saturating the conalbumin-oval- 
bumin filtrate (11) with (NH,)2SO,. It contained most of the proteins 
of egg white. 
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Fig. 2. Separation of crude mixture of ovomucoid and flavoprotein. This was 
a rechromatography of the initial peak in Fig. 1. A stepwise elution with so- 
dium acetate of ionic strength 0.025 as the buffer was employed. The numbers and 
vertical arrows show the pH and point of change of the eluting buffers. Dissociation 
of the riboflavin from the apoprotein occurred at the starting pH, and the riboflavin 
was unadsorbed. Column 2.2 X 8 cm.; flow rate 3 ml. per minute. Fraction size, 
13 ml. Total recovery of applied nitrogen equals 100 per cent. 
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Fia. 3. Analysis and purification of crude ovomucoid. A stepwise elution 
0.025 ionic strength sodium acetate and NazCO; was employed. The numbers and 
vertical arrows show the pH and point of change of the eluting buffers. Column 
2.2 X 16 cm.; flow rate, 2.4 ml. per minute. Fraction size, 15 ml. 


Concentration of Proteins from Dilute Soluiions—The exchanger was 
found very useful for the concentration of proteins from dilute solutions, 
as described by Sober et al. (4). Batch type adsorption, however, was 
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combined with column elution. In one particular experiment with conal- 
bumin, 0.5 gm. of the protein was dissolved in 500 ml. of 0.025 ionic strength 
sodium acetate at pH 5.5 and adsorbed on 3 gm. of the exchanger. The 
eluting buffer was a solution of 0.6 Mm NaH2PQO, and 0.5 Mm NaCl at pH 8.6. 
A nearly 20-fold concentration was obtained. 

Properties of Proteins Prepared with Carboxymethylcell ulose—With the 
possible exception of lysozyme, which is one of the biologically active 
proteins most readily prepared from an animal source (18), the proteins 
were prepared more easily and in some cases in a higher state of purity 
than with conventional methods. ‘Two such cases were the preparations 
of ovalbumin and conalbumin. 

Ovalbumin A, and Az were apparently separated in high purity directly 
from the column (Fig. 1 and Table I). Crystallized preparations of com- 
ponents A; and Az were examined electrophoretically and for phosphorus 
content. Both the A; and Az components were homogeneous when tested 
by filter paper electrophoresis.” A preparation of ovalbumin A, was also 
compared with four times crystallized ovalbumin by moving boundary 
electrophoresis by Dr. R. M. Hill of this laboratory. The A; preparation 
gave a single sharp peak, while the “ordinary” ovalbumin gave the usual 
shoulder which has been ascribed to the Az component (20). Confirmation 
of the identity of the fractions was obtained from the phosphorus analyses. 
The molar ratio of phosphorus to protein was 1.99 for A; and 0.93 for Ag, 
in close agreement with values of 2 and 1 obtained enzymatically (20). 
The comparative purities of the ovalbumin preparations were further 
evident from chromatographic examinations. ‘Twice crystallized prepara- 
tions of material obtained by (NH,)2SO, crystallization contained traces 
of conalbumin, while conalbumin was not detected in preparations ob- 
tained with the exchanger. 

All samples of conalbumin were obtained in such a high state of purity 
that they could be easily crystallized directly from ethanol as the iron- 
free protein and were satisfactory for biological studies (15).° Prepara- 
tions obtained by conventional means required several preliminary crystal- 
lizations as the iron complex (11) and consistently contained small amounts 
of lysozyme (15). -Material prepared with the exchanger contained 
<0.001 per cent of lysozyme and were electrophoretically pure by moving 
boundary and filter paper electrophoresis. 


2 A definitive study on the properties of the ovalbumins A, and Ag is being con- 
ducted by Dr. Robert M. Hill of this laboratory. 

3 A study of the causes of these two peaks of conalbumin is presently under way 
in this laboratory as part of a general investigation of the properties of this protein. 
Preliminary results indicate that conalbumin may give several peaks, depending 
upon the ionic strength and cationic composition of the buffer. 
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Ovomucoid preparations had a specific activity similar to material 
prepared by the trichloroacetic acid method (17). They were homo- 
geneous by filter paper electrophoresis and contained no detectable amounts 
of the other egg white proteins as measured by the specific assays. The 
avidin did not contain any detectable amount of the principal proteins 
in egg white. However, it appeared to contain small amounts of other 
proteins presumed to be globulins. The preparations did not exhibit an 
adsorption maximum at 260 my and, therefore, did not contain significant 
amounts of nucleic acid as reported in some samples of avidin (21). 

The flavoprotein was non-dialyzable, non-fluorescent, contained ap- 
proximately 13 per cent of nitrogen, gave a positive biuret test, was pre- 
cipitated above 0.6 saturation with (NH,4)2SO,, and was precipitated by 
10 to 20 per cent ethanol under the same conditions employed for crystal- 
lization of conalbumin (11). The flavin moiety dissociated from the “‘apo- 
protein” at a pH more acid than 4.2 and became fluorescent. It was 
found to be riboflavin (rather than riboflavin phosphate or dinucleotide 
as is commonly found in flavoproteins (22)) as determined by paper chro- 
matography (employing butanol-acetic acid-water as solvent) and by 
microbiological assay. Recombination with the ‘‘apoprotein” occurred by 
increasing the pH above 4.2. The riboflavin also dialyzed at low pH 
(<4.0), and the ‘‘apoprotein” could be combined with authentic riboflavin 
to reform the flavoprotein at pH 4.5. None of the other proteins iso- 
lated from egg white would combine with riboflavin in this manner. 


DISCUSSION 


Exchangers such as carboxymethylcellulose appear to have extensive 
possibilities for the analysis, preparation, and purification of proteins. 
Carboxymethyleellulose was particularly valuable in the preparatory 
phases of this study because of the high yields, the large capacity for 
adsorption, and the relatively high purities of the proteins obtained. It 
was also very useful for concentrating proteins from dilute solutions (4). 
The exchanger method appears superior in many respects to moving bound- 
ary electrophoresis or paper electrophoresis as an analytical method (23- 
26), particularly for those constituents which have isoelectric points close 
to one another or which are present in small quantities. It has the dis- 
advantage, however, of being time-consuming compared to the latter 
methods. 

One factor in the use of the exchanger appeared of particular significance 
in these studies. It was noted that short columns may be preferable to 
long columns. Short columns permit high flow rates and, consequently, 
rapid separations. Most operations may therefore be conducted at room 
temperature. Also, long columns were apparently unnecessary for good 
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resolution. According to Tiselius (27) and Moore and Stein (28), the 
Ry of a protein on passage through a column such as employed here tends 
to be close to either zero or 1.0. Resolution should therefore not be in- 
creased by increasing the length of the column but, rather, by a gradual 
change in the eluting agent (28). Our results tend to substantiate this 
view. 

The riboflavin compound isolated in this study has not been previously 
reported, although the presence of riboflavin as a contaminant in several 
constituents has been noted on several occasions (11, 15, 29). Designation 
of the compound presently reported as a flavoprotein, however, requires 
further study. 


SUMMARY 


Carboxymethylcellulose was employed as an ion exchanger adsorbent 
in a study of the egg white proteins. 

Adsorption and elution from carboxymethylcellulose was highly satis- 
factory as a method for a nearly complete analysis of egg white and for 
preparation of the individual proteins. The method gave better resolu- 
tion than electrophoresis and was applicable for both major and trace 
constituents. In several instances, higher purities and better yields were 
obtained as compared to the conventional methods for preparation of 
the proteins. Constituents separated directly from egg white were ovo- 
mucoid, a compound containing riboflavin (flavoprotein), ovalbumin Aj, 
ovalbumin Ao, several different unidentified globulins, conalbumin, avidin, 
and lysozyme. 

The method was suitable for progressive elution from columns or for 
single or batch separations in comparatively large amounts and was also 
suitable for the purification of proteins prepared by other methods and 
for the detection of minor impurities therein. Furthermore, proteins 
could be easily concentrated from dilute solutions by this procedure. 


The authors wish to thank Mrs. N.S. Bennett for technical assistance, 
Dr. Huseyin Sahinkaya for performing the microbiological assays, and 
Dr. Robert M. Hill for performing the moving boundary electrophoretic 
determinations. 
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THE METABOLISM OF PURINE NUCLEOSIDES BY THE : 
HUMAN ERYTHROCYTE IN VITRO* 


By BERTRAM A. LOWY, ERNST R. JAFFE,t GRACE A. VANDERHOFF, 
LEONA CROOK, ann IRVING M. LONDON 


(From the Departments of Medicine and Biochemistry, Albert Einstein College of 
Medicine, Yeshiva University, and the Bronz Municipal Hospital Center, 
New York, New York) 


(Received for publication, July 15, 1957) 


In the mature human erythrocyte which lacks an intact tricarboxylic 
acid cycle, lactic acid is an end product of the metabolism of carbohydrate. 
The lactic acid is formed via the Embden-Meyerhof pathway and might 
also arise via a combination of the hexose monophosphate shunt and 
Embden-Meyerhof pathways. 

Study of the hexose monophosphate shunt mechanism in the intact 
erythrocyte, in vitro, is somewhat restricted by the limited permeability 
to phosphorylated carbohydrate intermediates (2, 3) and by the inability 
to metabolize ribose per se (4, 5). Although Dische had reported that 
fluoride-treated hemolysates of human erythrocytes rapidly metabolized 
the ribose moiety of adenosine to hexose phosphate (6), the mechanism 
was not clearly defined until the recent isolation of a purine nucleoside 
phosphorylase from human erythrocytes (7-9). This enzyme, which 
catalyzes the phosphorolytic cleavage of guanosine and inosine, provides a 
means for the introduction of pentose phosphate into the erythrocyte. 
Study of the metabolism of the pentose phosphate provides information 
on the activity of at least part of the hexose monophosphate shunt mecha- 
nism in the intact human erythrocyte. 

In order to study the ability of the human erythrocyte to metabolize 
the pentose portion of the purine nucleosides, a number of these compounds 
were investigated and the extent to which the pentose moiety was taken up 
by the cell and converted to lactic acid was determined (1). 


* The work of this laboratory, of which these studies form a part, has been sup- 
ported by grants from the Office of Naval Research (contract No. Nonr-1765(00)), 
the Atomic Energy Commission (contract No. AT (30-1)1855), the Damon Runyon 
Memorial Fund for Cancer Research, Inc., and the American Cancer Society upon 
the reeommendation of the Committee on Growth of the National Research Council. 
A preliminary report was presented at the meeting of the American Society of Bio- 
logical Chemists, Atlantie City, April, 1956 (1). 

t Research Fellow of the National Foundation for Infantile Paralysis. 
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EXPERIMENTAL 


Preparation of Samples of Erythrocytes—Blood was drawn from normal } 


adult humans and defibrinated by gentle stirring for several minutes with 
glass beads. The defibrinated blood was centrifuged at 3700 r.p.m. 


(1600 X g) for 10 minutes at 4° in a Servall refrigerated angle centrifuge, | 


The serum and buffy coat were removed and the cells were washed three 
times in an isotonic sodium phosphate buffer (pH 7.4) with centrifugation. 
To determine the requirement for inorganic phosphate, isotonic sodium 


chloride (0.875 per cent) was used instead of isotonic sodium phosphate in | 


several experiments. 


Compounds Used—Most of the purines, nucleosides, and related com- | 
pounds were obtained commercially. The purity of the purines and purine- | 


containing compounds was determined by ultraviolet spectrophotometry 


and paper chromatography in suitable solvent systems. The 2 ,6-diamino- | 
9-8-p-ribofuranosyl purine (DAP-riboside) was prepared by the method } 


previously described (10). A sample of 9-8-p-ribofuranosy] purine (purine 
riboside) was generously provided by Dr. George Bosworth Brown. 
Incubation— A 16.7 per cent suspension of washed erythrocytes was 


prepared in isotonic sodium phosphate buffer (pH 7.4) or isotonic sodium | 
chloride solution containing the compound under study. The suspension | 


was incubated in a water bath at 37° for 2 hours, unless otherwise stated. 
At the conclusion of the incubation period, the suspension was mixed 


gently to insure homogeneity, and an aliquot was removed for various | 
assays. The remainder of the suspension was centrifuged, and an aliquot | 


of the supernatant solution was also removed. The erythrocytes were 
washed and then subjected to osmotic stress. The results of the study of 
the effect of these compounds on osmotic resistance are reported elsewhere 


(11). 


Preparation of Cold Perchloric Acid Filtrates—The aliquots of the post- | 
incubation suspension and of the supernatant solution were added to 6 | 


volumes of cold 2 per cent perchloric acid. The mixture was stirred 
thoroughly and filtered. The clear filtrates were used for the various 
ASSAYS. 

Ribose Assay—Aliquots of the perchloric acid filtrates were assayed for 
their ribose content with a modification of the Mejbaum orcinol procedure 
(12). 

The percentage of ribose metabolized by the cell was calculated from the 
difference between the total nucleoside ribose added at the beginning of 
the experiment and the total »nmount of ribose found in the filtrate of the 
perchloric acid extract of the post-incubation suspension. This value 1s 
referred to as “per cent metabolized” and indicates the percentage of 
nucleoside ribose metabolized to other substances. 
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The percentage of ribose taken up by the cell during the incubation 
period was calculated from the difference between the total nucleoside 
ribose added at the beginning of the experiment and the total amount 
found in the filtrate of the perchloric acid extract of the post-incubation 
supernatant fluid. This value is referred to as “per cent uptake” and 
indicates the percentage of nucleoside ribose which entered or was bound 
to the erythrocyte during the incubation. 

Deoxyribose Assay—Perchloric acid filtrates obtained from erythrocytes 
incubated with deoxyribosides were assayed for deoxyribose by the cysteine- 
sulfuric acid method of Dische as modified by Stumpf (13). The calcula- 
tions were made as described for the ribosides. 

Ammonia Assay—The extent of deamination was determined by a 
modification of the method of Conway (14), followed by nesslerization of 
the contents of the center well of the Conway dish. 

Lactic Acid—Aliquots of the perchloric acid filtrates were assayed for 
lactic acid by the method of Barker and Summerson (15). 

Two types of calculations were made with the lactic acid assays. Based 
upon the molar quantity of nucleoside incubated with the erythrocytes, 
the over-all percentage conversion of pentose to lactic acid was calculated. 
In addition, the extent to which the metabolized pentose was converted 
to lactic acid has been calculated in terms of micromoles of lactic acid 
formed per micromole of sugar metabolized. 


RESULTS AND DISCUSSION 


In order to compare the extent to which the pentose moiety of a number 
of purine ribosides and deoxyribosides was taken up by the human erythro- 
cyte, several of these compounds at equimolar concentrations were incu- 
bated in both isotonic sodium phosphate buffer, pH 7.4, and isotonic sodium 
chloride solution. The results (Table I) indicate that marked uptake of 
the sugar moiety of these compounds resulted from their incubation in 
an isotonic sodium phosphate buffer at pH 7.4, while the uptake in the 
sodium chloride medium was generally less than half that in the phosphate 
buffer. It seems unlikely that the small differences in the pH values of 
the post-incubation suspensions in the two media could account for the 
large differences in pentose uptake since there is no apparent correlation 
between the pH differences and the extent of uptake. The marked differ- 
ence between the sodium phosphate and the sodium chloride systems was 
not unexpected since metabolism of the ribosides in the erythrocyte is 
known to occur via phosphorolytic cleavage by a specific purine nucleo- 
side phosphorylase to form ribose 1-phosphate and a purine (7-9). The 
significant uptake of ribose found after incubation in the sodium chloride 
medium may be explicable in part in view of the presence of inorganic 
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phosphate in the erythrocyte. By supplementing the isotonic sodium 
chloride medium with varying amounts of isotonic sodium phosphate 
solution, the uptake of ribose was increased. 


TABLE I 


Uptake of Ribose and Deozyribose by Human Erythrocytes from Purine Nucleosides } 


Substrate concentration: 2 wmoles per ml. of suspension. Incubated for 2 hour 
at 37°. 


Isotonic —s buffer Isotonic sodium chloride medium 
Compound 
Per cent uptake | pH post-incubation | Per cent uptake |pH post-incubation | 
Adenosine.......... 92 7.5 37 7.8 
Inosine............. 93 7.4 40 7.6 
Guanosine.......... 91 7.5 45 7.6 
DAP-riboside....... 91 7.5 36 7.8 
Xanthosine......... 63 7.4 32 7.3 
Deoxyadenosine.... 100 7.5 45 7.8 
Deoxyinosine ...... 100 7.5 43 7.6 
Deoxyguanosine.... 100 7.5 49 7.5 
TABLE II 


Effect of Concentration of Purine Nucleosides on Uptake of Ribose 
by Human Erythrocytes 


Incubated for 2 hours at 37° in isotonic sodium phosphate buffer (pH 7.4). 


Concentration Inosine Adenosine 
moles per ml. per cent uptake per cent uptake 
20.0 38 
10.0 62 56 
8.0 69 
6.0 76 72 
4.0 88 83 
2.0 92 92 
1.4 93 
1.0 92 95 


The extent to which ribose uptake is a function of the concentration of 
nucleoside in the isotonic sodium phosphate medium is shown in Table II. 
The uptake of ribose from adenosine and inosine was determined at several 
concentrations of the nucleosides. At the lower concentrations, 1 to 2 
umoles per ml. of suspension, the uptake of ribose was almost complete; 
at higher concentrations a smaller percentage but a larger amount was 
taken up. In a large number of experiments, the uptake of ribose from 
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jnosine was consistently greater than that from adenosine in a 2 hour 
incubation period. 

The effects of incubation time on the uptake of ribose from nucleosides 
by the erythrocyte and the subsequent disappearance of the ribose from 
the cell are shown in Fig. 1. Although the uptake proceeded initially at a 
more rapid rate from inosine than from adenosine, at the end of a 4 hour 
period the extent of uptake of the two compounds appeared to be the same. 
The extent of further metabolism of the ribose moiety, as measured by 


100 
RIBOSE UPTAKE 

RIBOSE METABOLIZED 
80} 


oOo wn 
oO 


PERCENT R'BOSE 
oO 


1 2 3 
HOURS OF INCUBATION AT 37°C 
Fic. 1. Effect of incubation time upon uptake and metabolism of ribose from 
purine nucleosides. Incubated in isotonic sodium phosphate buffer (pH 7.4) at 
substrate concentration of 10 umoles per ml. of suspension. 


disappearance of orcinol-reacting material from the total incubation 
suspension, also proceeded more rapidly from inosine than from adenosine 
initially, but the total ribose metabolized from the two nucleosides was 
essentially equal at the end of 4 hours. The basis for the difference be- 
tween the percentage uptake and the percentage metabolism of the ribose 
is obscure but is perhaps the result of a relatively slow rate of metabolism 
of one of the ribose phosphate esters as compared to the rate of uptake of 
the nucleoside. It is possible that prolonged incubation, or supplementa- 
tion with a depleted cofactor, would minimize the observed differences. 
The initial differences in utilization of adenosine and inosine may relate 
to the rate of deamination by adenosine deaminase, since results in this 
laboratory and elsewhere (16) have clearly indicated that, prior to phos- 
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phorolytic cleavage by erythrocyte purine nucleoside phosphorylase, 
adenosine must be deaminated to inosine. The presence of adenosine 
deaminase in the erythrocytes of many species, including man, has been re- 
ported (17). 

The presence of phosphoribomutase is inferred from the work of Dische 
(6) and from the work of Schlenk and Waldvogel (5). Dische showed that 
the ribose 1-phosphate formed from the metabolism of nucleosides in 
fluoride-treated hemolysates led to the formation of hexose phosphates 
presumably via ribose 5-phosphate. Guarino and Sable (18) have recently 
reported the presence of both phosphoglucomutase and phosphoribomutase 
in the human erythrocyte. Since ribose 1-phosphate probably enters the 
hexose monophosphate shunt after isomerization to ribose 5-phosphate, 
the present results also infer the action of phosphoribomutase. 

The uptake of ribose by the erythrocyte in the presence of purines which 
could serve as substrates for purine nucleoside phosphorylase was studied. 
Since the uptake of ribose 5-phosphate itself by the erythrocyte is limited 
(2, 3), an increase in uptake in the presence of an appropriate purine might 
imply purine nucleoside phosphorylase activity. Kinetic studies have 
shown that the enzyme equilibrium favors nucleoside formation (19). 
The data in Table III, however, reveal that no increased ribose uptake 
occurred when a purine was added in equimolar amounts to ribose 5-phos- 
phate. This finding suggests that the action of purine nucleoside phos- 
phorylase or of phosphoribomutase, or of both, is not associated with the 
outer surface of the erythrocyte membrane. This suggestion is in accord 
with the observation of Rubinstein and Denstedt that over 90 per cent 
of the purine nucleoside phosphorylase activity of the erythrocyte was in 
the stroma-free hemolysate (20). Indeed, it should be noted that the 
addition of adenine or hypoxanthine depressed the limited ribose 5-phos- 
phate uptake considerably. This diminution in uptake, however, occurred 
in a mixture of either of these purines and ribose 5-phosphate, but not in a 
mixture of the purine, the corresponding purine riboside, and ribose 5-phos- 
phate. The basis for this difference on addition of the purine riboside is 
obscure. 

The uptake of ribose from a mixture of purine nucleoside, a purine, and 
ribose 5-phosphate was essentially the same as that from a mixture of a 
nucleoside and ribose 5-phosphate; in each case the uptake was that which 
one would expect from processes of uptake occurring independently of each 
other. The failure to observe an increased ribose uptake in the presence 
of added adenine and 2,6-diaminopurine (DAP) may relate to the absence 
of appropriate deaminases for these purines, since the purine substrate 
requirement for nucleoside formation may be restricted to hypoxanthine 
and guanine (19). 
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With the finding that extensive uptake and metabolism of the sugar 
moiety of the purine nucleosides by human erythrocytes occurred, the 
extent to which the metabolized sugar of several nucleosides was converted 
to lactic acid was then measured. The data of Table LV indicate the extent 
to which the ribose or deoxyribose portion of a number of compounds was 
taken up and metabolized by the erythrocyte and the amount of lactic 


TaBLeE III 


Uptake of Ribose from Purine Nucleosides and Ribose 5-Phosphate in 
Various Miztures with Purines 


Incubated for 2 hours at 37° in isotonic sodium phosphate buffer (pH 7.4). 


Purine Nucleoside meta 
pmoles pmoles pmoles 
per ml. per ml. per ml. 
Adenosine 2 9-4 
R-5-P 2 29 
Adenine 2 vs 2 14 
2 2 93 
2 2 65 
2 2 2 65 
Inosine 2 94 
2 35 
Hypoxanthine 2 2 14 
DAP-riboside 6 63 32 
6 27 21 
DAP 6 " 6 29 18 
6 6 62 38 
6 6 43 33 
6 6 6 37 26 


acid thus produced. At comparable substrate concentrations the uptake 
and metabolism of ribose in the sodium phosphate buffer was greater than 
in the sodium chloride medium. The utilization of the deoxyribose of 
deoxyadenosine at a concentration of 10 wmoles per ml. of suspension was 
essentially the same in the two media. 

The extent of uptake and metabolism of the pentose moiety of purine 
ribosides and deoxyribosides was determined in a large number of experi- 
ments with samples of blood from a number of normal adults. The values 
thus obtained from the purine ribosides were essentially the same in all 
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experiments. The extent of uptake and metabolism of the deoxyribosides, 
however, was somewhat more variable. The deoxyribose uptake _per- 
centages, for example, from deoxyadenosine at a concentration of 2 umoles 


TABLE IV 
Metabolism of Nucleosides by Human Erythrocytes 
Incubated for 2 hours at 37°. 


Ribose Lactic Am- 
Me (or deoxyribose) acid monia 
Compound Med- * 
jum ion Per cent|! cent er cent er cent 
uptake | version 
moles 
| 
metabolized 
Adenosine............. P 2 95 53 1.24 62 1.2 80 
2 O4 47 1.16 58 1.2 
DAP-riboside.......... - 2 91 52 1.16 58 1.1 74 
Xanthosine............ ee 2 63 23 0.60 30 1.3 
Guanosine............. ” 2 93 61 1.20 60 1.0 
Deoxyadenosine....... wid 2 83 52 0.57 28 0.5 68 
Deoxyguanosine....... 2 80 | 50 0.58 29 0.5 
2 0.90 45 
Adenosine............. - 10 56 36 2.13 21 0.6 63 
I ee 10 68 46 2.68 27 0.6 0 
Purine riboside........ se 10 42 2 0.11 1 
Deoxyadenosine....... ” 10 32 8 0.67 6 0.8 37 
10 0 0 0 
10 1.00 10 
Adenosine............. S 10 24 10 0.51 5 0.5 65 
10 21 11 0.47 5 0.4 0 
Purine riboside........ - 10 21 2 0.14 1 
Deoxyadenosine....... “i 10 33 6 0.33 3 0.5 40 


* P = isotonic sodium phosphate (pH 7.4); S = isotonic sodium chloride. 
7 Corrected for control. 


per ml. of suspension in sodium phosphate buffer ranged from 75 to 100 
per cent. 

When the several ribosides were incubated in sodium phosphate buffer 
at concentrations of 2 umoles per ml. of suspension, the percentage con- 
version of nucleoside ribose to lactic acid was considerable. ‘The conversion 
was even more striking when calculated on the basis of the extent of metab- 
olism of the nucleoside ribose. The values obtained by such calculation 
indicate extensive conversion of metabolized ribose to lactic acid. 
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Comparison of the lactic acid produced in the sodium chloride and 
sodium phosphate media after incubation at 10 umoles per ml. of suspension 
indicates that, although the percentage conversion of sugar to lactic acid 
was considerably greater in the sodium phosphate buffer than in the sodium 
chloride medium, the difference was much less marked when the conversion 
was calculated on the basis of the amount of pentose metabolized. This 
finding suggests that the limiting step in the sodium chloride medium is the 
formation of the ribose phosphate ester and that, once formed, the ribose 
ester is extensively converted to lactic acid, even in the absence of added 
phosphate ion. 

The formation of lactic acid in both intact erythrocytes and whole 
hemolysates incubated for 90 minutes at 37° in glycylglycine buffer, pH 7.5, 
containing phosphate supplemented with adenosine, inosine, xanthosine, 
or guanosine, has been reported by Rubinstein and Denstedt (20). The 
formation of small amounts of lactic acid in stored suspensions of erythro- 
cyte ghosts in plasma containing adenosine has been described by Lionetti 
and his associates (21). Since glucose utilization was not observed in 
suspensions of erythrocyte ghosts, the lactic acid formation was attributed 
to metabolism of the ribose moiety of adenosine. 

The extent of deamination is also reported for several compounds. 
The extensive deamination of adenosine is consistent with the finding 
that inosine, but not adenosine, may serve as a substrate for erythrocyte 
purine nucleoside phosphorylase. Although considerable deamination of 
deoxyadenosine occurred, it was less than that for adenosine and may 
account for the relatively limited metabolism of the deoxyadenosine. The 
same deaminase may be involved in deaminating adenosine and deoxy- 
adenosine. The lower activity with respect to the latter was reported 
previously (22), and is confirmed in these studies. 

Although it is known that the usual orcinol determination for pentoses 
is not applicable to pyrimidine nucleosides because of the great stability 
of these compounds, the metabolism of uridine was investigated, since 
any free ribose or ribose ester formed from the nucleoside ribose would be 
detectable by the orcinol method. No orcinol-reacting substance, however, 
appeared in the total suspension or supernatant fluid after incubation with 
uridine. Since it seems unlikely that any metabolized ribose would be 
completely converted to an intermediate other than lactic acid, it appears 
that uridine was not metabolized by phosphorolytic cleavage in the human 
erythrocyte. 

The finding that the human erythrocyte is capable of metabolizing the 
pentose moiety of a number of purine nucleosides to form lactic acid indi- 
cates that a considerable portion of the hexose monophosphate shunt 
mechanism is active. Since purine nucleosides are not ordinarily present 
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in the circulating blood stream, the presence of active adenosine deaminase 
and of purine nucleoside phosphorylase is of interest but of unknown signifi- 
cance. Of perhaps greater significance to the energy metabolism of the 
erythrocyte is the finding that a pathway exists for the conversion of ribose 
phosphate to lactic acid. The recent studies! (23) concerned with the 
stoichiometry of the conversion of glucose 6-phosphate to ribose phosphate 
in human erythrocyte hemolysates provide presumptive evidence for the 
presence of the initial reaction of the hexose monophosphate shunt path- 
way in these preparations. 


SUMMARY 


1. The extent of uptake and metabolism of the pentose moiety of a 
number of purine ribosides and deoxyribosides by the mature human eryth- 
rocyte was determined in both isotonic sodium phosphate and _ isotonic 
sodium chloride media. The effects of substrate concentration and of 
incubation time were studied. 

2. Extensive conversion of metabolized pentose to lactic acid in both 
media was demonstrated. 

3. Further evidence is provided which relates to the hexose monophos- 
phate shunt pathway in the human erythrocyte. 
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STUDIES ON THE POLYMERIZATION, OF FIBRIN. THE ROLE 
OF THE GLOBULIN: FIBRIN-STABILIZING FACTOR 


By L. LORAND ano ANN JACOBSEN 


(From the Department of Chemistry, Northwestern University, Evanston, Illinois) 
(Received for publication, August 15, 1957) 


Fibrinogen, under the enzymic influence of thrombin, can give rise to 
two major types of clot structure (1-4). (1) A “fibrin clot” is obtained 
when purified fibrinogen is mixed with purified thrombin in either the 
presence or the absence of calcium. Such a clot can be reversibly dis- 
persed in 5 M urea or in | per cent monochloroacetic acid. From this it is 
concluded that the gel network is held together by intermolecular hydrogen 
bonds between some of the side chains of the fibrin monomers. (2) In 
contrast, the “‘plasma clot,’’ as formed for example by the recalcification 
of oxalated plasma, cannot be dissolved in urea or monochloroacetic acid 
unless thioglycolic acid is added to the solvent. Therefore, it is assumed 
that the “plasma clot,’”’ which proved to be mechanically stronger than 
the “fibrin clot”? (4, 5), is cross-linked not only by secondary but also by 
covalent bonds. 

Earlier studies showed that a thermolabile component of the plasma, 
called fibrin-stabilizing factor (FSF),! is responsible, together with calcium 
ions, for the production of the more strongly cross-linked ‘‘plasma clot” 
(1, 2, 4, 7, 8). After a method for the measurement of FSF activity was 
developed, it was shown that (1) FSF fractionates (8, 9) as a globulin from 
human plasma, (2) plasmas of normal individuals give a rather constant 
measure of FSF activity (10), and (3) markedly diminished levels of FSF 
can be found in certain pathologic plasmas from patients with bone marrow 
dyscrasias (10). 

In the present study, evidence is given to show that the fibrin-stabilizing 
factor of plasma is a stoichiometric partner of fibrin in clot formation, 
acting as a resistant cement between the fibrin particles, as indeed was 
suggested several years ago (4). In addition, a method for isolating this 
new globulin in a highly purified form from bovine blood plasma is pre- 
sented. 


EXPERIMENTAL 
Materials 


Fibrinogen—Armour bovine Fraction I was purified according to Laki’s 
method (11) which, in our hands, consistently yielded a product of about 


1 FSF has been referred to by others (6) as ‘‘Laki-Lorand”’ or ‘‘L-L’’ factor, or 
“urea-insolubility factor.’’ 
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95 per cent clottability and gave a single sedimenting boundary in the 
ultracentrifuge (clottability = (clot protein/total protein) X 100). The 
fibrinogen was dissolved at the desired concentration (about 1 per cent) 
in tris(hydroxymethyl)aminomethane (Tris), pH 7.45, buffer and dialyzed 
against the same. 

Thrombin—Although in most of this work thrombin preparations of 
the highest purity were used, it was found that, because of the small 
amount of the enzyme needed in the “clot solubility test’’ described below, 
even commercially available products (Parke, Davis and Company) were 
satisfactory. However, it has to be determined for each batch that it 
does not contain appreciable FSI’ contaminations which would show up 
by producing insoluble clots when the thrombin sample is added to fi- 
brinogen in the presence of calcium. 

CaCl,—Calcium ions are essential in the clotting mixture for producing 
insoluble clots, and we chose a CaCl: concentration of 0.2 mm in the assay 
for clot solubility. This concentration of calctum seemed to satisfy the 
requirements for forming insoluble clots from 1 to 20 mg. of fibrinogen 
(Figs. 6 and 7). 

Plasma—Frozen oxalated bovine plasma as a source of FSF was pur- 
chased from Swift and Company. No apparent deterioration in the FSF 
content of the frozen plasma could be observed even after several months 
of storage. 


Buffer—Throughout this work a pH 7.45, 1/2 = 0.15, Tris-NaCl buffer 


was used. 

Cysteine—Solutions of cysteine hydrochloride were freshly prepared 
and neutralized before being used. Amperometric silver titrations (12) 
of the cysteine solutions showed that their SH group content agreed within 
5 per cent with the values expected from the amount of cysteine dissolved 
and that the solutions remained stable in this range for the duration of 
an experiment.” 


Methods 


Assay for Clot Solubility—FVibrinogen, buffer, calcium, and the sub- 
stance to be tested for FSF activity (plasma, various plasma fractions, 
and cysteine) were mixed at room temperature to give a volume of 2.4 
ml. Then, 0.1 ml. of thrombin was added in a concentration sufficient 


2? Because of the unreliability of estimating cysteine by silver titration (R. Ben- 
esch, personal communication; see also Sluyterman (29)), the agreement found in our 
case must have been entirely fortuitous. Thus we also used the accurate method of 
“specific proton displacement’’ (30) after reaction with iodoacetamide, and from 
such measurement of sulfhydryl groups we could acccunt for close to 100 per cent of 
the dissolved cysteine. 
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to bring about gelation in about half a minute. The mixture was allowed 
to stand for 30 minutes for completion of clotting, after which 2.5 ml. of 
2 per cent monochloroacetic acid were poured over the gel, followed by 
vigorous and frequent shaking. Monochloroacetic acid has the same 
selectivity toward the clot as urea does (4), but its dispersing effect is 
much faster. Clots produced in the absence of FSF or. calcium (both 
necessary controls in any assay series) dissolve completely within a few 
minutes. A partially insoluble clot is reduced to its insoluble core by 
monochloroacetic acid within 2 hours, after which there is no change in 
the protein content of the remaining clot. In the assay procedure, the 
clots were left in the acid for 6 to 16 hours, then they were washed re- 
peatedly in 0.9 per cent NaCl, centrifuged, and dissolved in boiling alkali 
for protein estimation. 

Protein Measuremeni—Folin’s phenol reagent was employed on the 
alkali-hydrolyzed samples (13) to determine protein content, and the 
values are expressed in terms of Armour crystalline bovine serum albumin 
as standard. 


RESULTS AND DISCUSSION 
Relationship of Cysteine to FSF Activity 


Although the fibrinogen preparation used in these experiments was 
of the highest purity known, and though it produced entirely soluble 
clots on addition of thrombin in the presence of calcium, it gave rise to 
insoluble clots if cysteine was incorporated into the clotting mixture as 
shown in Fig. 1. This confirms in part the observation of Loewy and 
Edsall (6), but we were unable to confirm their finding that higher cysteine 
concentrations prevent the formation of insoluble clots, in spite of the 
fact that our data comprise a much larger range of cysteine concentrations 
than that reported by the above workers. Furthermore, we found that 
the minimal cysteine concentration (‘‘threshold’’) necessary for producing 
insoluble clots from a given amount of fibrinogen varies a great deal from 
one fibrinogen preparation to another, and it also changes to higher values 
for the same preparation of fibrinogen during storage, even though there 
may be no loss of clottability of the sample during that time. Fig. 2 shows 
how moderate heat treatment of a fibrinogen solution affects the cysteine 
“threshold,”’ and it can be seen that keeping the fibrinogen at 40° for 3 
hours completely abolishes the cysteine effect, without appreciably im- 
pairing, however, the clottability of the protein. (In Fig. 2, the clot- 
tability of the specimen giving Curve d is the same as that of the fibrinogen 
of Curve b.) 

From these results it was concluded that cysteine does not substitute 
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for FSF as suggested by Loewy and Edsall (6), but that it is capable of 
activating a “potentially active form of FSF” with which the fibrinogen 
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mg. insobuble clot 


| | 
© 6 £6 2 
mM cysteine 


Fic. 1. Samples containing 5 mg. of fibrinogen (95 per cent clottable) were clotted 
in the presence of varying amounts of cysteine. Ordinate: monochloroacetic acid- 
insoluble portions of clots. 
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Fic. 2. Curve a, fresh fibrinogen (98 per cent clottable); Curve b, fibrinogen kept 
at 37° for 3 hours (91 per cent clottable); Curve c¢, fibrinogen kept at 40° for 2 hours 
(94 per cent clottable); Curve d, fibrinogen kept at 40° for 3 hours (92 per cent clot- 
table). Samples containing 5 mg. of fibrinogen were allowed to clot in the presence 
of varying amounts of cysteine. Ordinate: monochloroacetic acid-insoluble portions 
of clots. 


is contaminated, and that it is this impurity in the fibrinogen preparation 
which is being destroyed by moderate heating. The fact that there is a 
profound difference between heating at 37-40° suggests the protein-like 
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nature of the substance inactivated. The various forms of FSF can be 
tentatively illustrated as follows: 


ren 
Potentially active FSF 


Cysteine / \40°, 3 hours 
N 
Active FSF Inactive FSF 


librinogen, though it becomes refractory to cysteine when kept at 40° 
for a few hours, does not lose its ability to form insoluble clots if active 


b 
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mg. insoluble clot 


O 
O 


mM cysteine 
Fic. 3. Clotting of mixtures of heated and unheated fibrinogens in the presence 


of varying amounts of cysteine. Ordinate: monochloroacetic acid-insoluble portions 
of clots. Curve a, 5 mg. of fresh fibrinogen (93 per cent clottable); Curve b, mixture 
of 2.5 mg. of fresh fibrinogen (93 per cent clottable) and 2.5 mg. of fibrinogen heated 
at 40° for 3 hours (90 per cent clottable); Curve c, 2.5 mg. of fresh fibrinogen (93 per 
cent clottable); Curve d, 2.5 mg. of heated fibrinogen (90 per cent clottable). 


FSF is supplied to the clotting mixture. As seen in Fig. 3, a mixture of 
2.5 mg. of fibrinogen and an equal amount of heat-treated fibrinogen gives 
rise to nearly 5 mg. of insoluble clot, although, as shown on Curve d, the 
heated fibrinogen alone would not have been able to give any amount 
of such clot. Obviously, the “potentially active FSI*” impurity in the 
unheated fibrinogen became activated through cysteine, and the active 
FSF formed could in turn induce all the fibrinogen in the mixture (heated 
and unheated) to participate in producing an insoluble clot. 


Purification of FSF from Bovine Plasma 


lig. 4 shows that bovine plasma contains an active form of the fibrin- 
stabilizing factor. It has also been mentioned above that the factor can 
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be protected from inactivation or can be reactivated from an otherwise 
inactive form by the addition of cysteine. If cysteine (20 mm) is to be 
added to FSF fractions as a preservative, the assay of factor activity will 
obviously have to be performed on fibrinogen preparations which have been 
made refractory to the effects of cysteine. Until fibrinogen free from the 
‘notentially active FSI” impurity can be prepared, we have to resort to 
using heat-treated fibrinogen as a substrate in which the above impurity 
is inactivated (1 per cent fibrinogen solution at T'/2 = 0.15, pH 7.45, is 
kept at 40° for 3 hours without the exclusion of air). 


oO 


$ 


Nm 


mg. insoluble clot 
_ 


| 
Oo G2 GS GS 
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Fic. 4. Samples of 5 mg. of fibrinogen (kept at 40° for 3 hours, 92 per cent clotta- 
ble) clotted in the presence of varying amounts of plasma. Ordinate: monochloro- 
acetic acid-insoluble portions of clots, corrected for the plasma’s own contribution 
to the clot. 


A typical fractionation procedure which produces highly active FSF 
preparations is illustrated in Diagram 1. Fractionation was performed 
at 0°, and at each step a 1 hour equilibration period was allowed after 
the addition of the precipitant. Ethanol was added at a rate of about 20 
ml. per hour. Activity measurements were performed on all major frac- 
tions by diluting them back to approximately the original plasma volume 
and estimating the minimal amount of the fraction needed to produce a 
partially insoluble clot in the test system containing 5 mg. of fibrinogen. 
Figs. 5 to 7 illustrate in a more elaborate way the purity relations of the 
original plasma, Fractions II, III. It will beseen that 1.08 mg. of Fraction 
II (Fig. 6, Curve b) show similar activity in producing insoluble clots 
to about 12 mg. of the original plasma proteins (Fig. 5); furthermore, 
0.02 and 0.35 mg. of Fraction III (fig. 7, Curves b and a) seem to equal 
the activities of 0.54 and 10.8 mg. of Fraction II, respectively (lig. 6, 
Curves c and a). Thus Fraction II appears to be about 12-fold purified 
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D1aGRaM 
Method for Purifying Fibrin-Stabilizing Factor 
Approximate total protein content of fractions in parentheses. 
320 ml. plasma (20,000 mg.) 


Ammonium sulfate to 0.33 saturation, centrifuge; discard 
supernatant fluid 


Ppt. 


Dissolve in Tris buffer; dialyze for 6 hours against 3 X 1 
liter of same 


80 ml. Fraction I (5000 mg.) 
Kthanol to 20 per cent; centrifuge; discard ppt. 
Supernatant fraction 


Raise ethanol to 30 per cent; centrifuge; discard super- 
natant fluid 


Ppt. 


Dissolve in Tris buffer; dialyze for 1 hour against 0.5 liter 
of same; add neutral cysteine to 20 mm 


15 ml. Fraction II (1000 mg.) 


Add n HCl to pH 5.4; centrifuge; discard supernatant 
fluid 


Ppt. 
Dissolve in Tris buffer containing 20 mM cysteine 


6 ml. Fraction III (30 mg.) 


over plasma, and Fraction III is about 30-fold purer than Fraction II. 
Altogether, the fibrin-stabilizing factor of Fraction III is about 360 times 
purified over that of plasma. For the yield, the activity of the total 
Fraction III corresponds to that of about 11,000 mg. of the original proteins 
(30 mg. of total Fraction III * 360), which is about 50 per cent of the 
starting material. According to the fractionation procedure FSF appears 
to be a plasma globulin. We find, in contrast to Shulman’s observation 
(14), that crystalline bovine serum albumin (Armour), containing the 
maximal number of free SH groups characteristic for the native protein, 
has no FSF activity with or without cysteine added. Human serum al- 
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bumin was also shown to be devoid of FSF activity, but the factor could 
be concentrated in one of the globulin fractions (8, 9). 

It is interesting to note that FSF, which is quite stable in plasma for 
long periods of time, proved to be very labile in the purified fractions unless 
cysteine was added. This protective action of cysteine would indicate 


insoluble 


clot 


mg. 


O 5 10 15 
mg.fibrinogen added 


Fic. 5. Clotting of various amounts of fibrinogen (heated at 40° for 3 hours, 91 
per cent clottable) in the presence of constant amount of plasma (0.2 ml. = 12 mg. of 
proteins). Ordinate: monochloroacetic acid-insoluble portions of clots. 


15 


b 


O 10 15 20 


mg. fibrinogen added 
Fic. 6. Clotting of various amounts of fibrinogen (heated at 40° for 3 hours, 91 
per cent clottable) in the presence of constant amounts of purified fibrin-stabilizing 
factor, Fraction II of Diagram 1. Curve a, 10.8 mg. of Fraction II; Curve b, 1.08 
mg. of Fraction II; Curve c, 0.54 mg. of Fraction II. 


mg. insoluble clot 


that some SH groups of FSF are essential for biological activity. Prelim- 
inary experiments on Fraction III by amperometric silver titration (12) 
confirm the existence of SH groups. 


Stoichiometry between FSF and Fibrinogen in Forming Insoluble Clots 


Figs. 5 to 7 illustrate the amounts of insoluble clot formed by certain 
constant amounts of FSF at varying fibrinogen concentrations. For 
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example, as shown in Fig. 5, if 18 mg. of fibrinogen are allowed to clot in 
the presence of 0.2 ml. of plasma, the entire clot of about 18 mg. is soluble 
in monochloroacetic acid. However, with the same amount of plasma 
and only 5 mg. of fibrinogen, a clot of about 5 mg. is obtained, none of 
which dissolves in the acid. A similar pattern holds with purified FSF 
fractions (Figs. 6 and 7), and it will be noticed that higher amounts of 
FSF are capable of converting higher maximal quantities of fibrinogen 
into insoluble clots. It is the ratio between the amount of FSF and fi- 
brinogen which appears to be critical. This behavior is reminiscent of the 


mg. insoluble clot 


b 


10 15 20 


mg. fibrinogen added 
Fic. 7. Clotting of various amounts of fibrinogen (heated at 40° for 3 hours, 91 
per cent clottable) in the presence of constant amounts of purified fibrin-stabilizing 
factor, Fraction III of Diagram 1. Curve a, 0.35 mg. of Fraction III; Curve b, 0.02 
mg. of Fraction III. 


antigen-antibody precipitin reaction, except that the phenomenon in 
question is not the formation of a precipitate but rather the reinforcement 
of the clot. At low fibrinogen concentrations, on the rising phase of 
the curves (‘“‘zone of FSF excess’’) there must be enough FSF in the fibrin- 
FSF copolymer to produce a sufficient number of covalent cross linkages 
to make the clot insoluble in monochloroacetic acid. At higher fibrinogen 
concentrations, however, on the declining phase of the curves (‘‘zone of 
fibrinogen excess”), the cementing covalent bonds provided by FSF must 
be only few and widely dispersed. The resulting clots approximate the 
one formed in the absence of FSF in becoming soluble in monochloroacetic 
acid. Between the upward and downward phases, there is the ‘zone of 
optimal combination” representing the real stoichiometric ratio between 
FSF and fibrin. 


or 
SS 
te 
= 
K 
Vall 
g 
) : 
3 
n 
T 


430 POLYMERIZATION OF FIBRIN 


Pathways for Clotting of Fibrinogen 


According to preliminary experiments in which thin films of clots were 
used, a soluble type of clot which had been obtained by mixing fibrinogen, 
CaCl, and thrombin does not seem to become insoluble upon incubation 
with FSF. This suggests that FSF has to take its place in the copolymer 
while polymerization occurs, for it cannot be fitted among the finished 
fibrin aggregates. However, by mixing fibrinogen and FSF in the right 
stoichiometric proportions for insoluble clot formation (see, e.g., Figs. 6 
and 7), but carrying out clotting with thrombin in the absence of CaCh, 
a clot is obtained which, though soluble in monochloroacetic acid, can 
become insoluble upon subsequent incubation with CaCl. (10). This 
finding indicates that a fibrin-FSF copolymer can be prepared which is 
linked by hydrogen bonds, and that the covalent cross linkages charac- 
teristic for insoluble clots do not develop except upon the addition of 
calcium. 

The above observations, coupled with other findings (9, 15, 16), suggest 
the pathways illustrated in Diagram 2. 

Reaction Type I has been extensively investigated, and it is known that 
the enzymic alteration of fibrinogen by thrombin is followed, in suitable 
medium, by the spontaneous aggregation of the altered particles to form 
the clot (11). The fundamental enzymic change through which the fi- 
brinogen molecule acquires the tendency to aggregate was shown to be 
related to the release of about 3 per cent of the fibrinogen in the form of 
fibrinopeptide (17, 18). The liberation of this non-protein reaction prod- 
uct (as defined by solubility in trichloroacetic acid) occurs in the mixture 
of fibrinogen and thrombin even if the aggregation step is inhibited (15). 
The analysis of fibrinopeptide revealed that: (1) fibrinopeptide carries 
the N-terminal residues which are present in fibrinogen but are missing 
from fibrin (18, 19); (2) it does not give rise to tyrosine after acid hydrolysis 
(19); and (3) it has a unique amino acid composition in which the neutral 
and acidic residues predominate (8, 17-19). Later, it was found (20, 21) 
that in addition to the original peptide (17) also a secondary one (peptide 
B), which in contrast to fibrinopeptide gives rise to tyrosine after acid 
digestion, makes its appearance in the clot liquor. However, fibrinopep- 
tide is released from fibrinogen during clotting at a much faster rate than 
is the secondary peptide (9, 22). Thus it is still somewhat uncertain 
whether the removal of the latter kind of peptide really belongs to the 
specific enzymic phase of the fibrinogen-fibrin transformation of which 
the liberation of fibrinopeptide is believed to be an essential part (9). 

Both fibrinopeptide (17, 18) and the secondary peptide B (22) are 
acidic units, and, at or near neutral pH, they would represent highly 
charged negative centers on the fibrinogen. These charged sites may 
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serve, by virtue of electrostatic repulsion, the function of keeping the 
fibrinogen molecules from aggregating. The removal of fibrinopeptide 
(and perhaps of peptide B) probably reduces the electrostatic repulsion 
between fibrin monomers and ‘‘unmasks”’ certain side chains on the protein 
which thereby become available for intermolecular hydrogen bonding 
(9). The result is the formation of a clot through various intermediary 


DIAGRAM 2 
Pathways for Clotting of Fibrinogen 
Reaction Type I has been extensively investigated in detail: 


Enzymic step: Fibrinogen hat ae fibrin monomer ( + fibrinopeptide) 


| or no Catt 
Aggregation step: Variable intermediary aggregates 
[ow or no Catt 


Clotting step: “Fibrin clot,’’ soluble 
in monochloroacetic acid 
Reaction Type II is known only in main outlines: 
Pathway a 


. Copolymer of fibrin and 
Larne > FSF, soluble in mono- 


Fibrinogen + FSF 


chloroacetic acid 
Catt 
Pathway b 
Thrombin ‘‘Plasma clot,’’ a copolymer 
> of fibrin and FSF, insoluble 
Catt in monochloroacetic acid 


aggregates (16, 23), all of which are linked together by secondary forces 
and can be dispersed by monochloroacetic acid. This kind of aggregation 
(Reaction Type I, Diagram 2), however, may have little significance as 
far as the physiology of blood coagulation is concerned. Clotting of 
fibrinogen in plasma always takes place in the presence of excess calcium 
and fibrin-stabilizing factor. As seen from Fig. 5, the FSF content of 0.2 
ml. of plasma is capable of converting about 6 mg. of fibrinogen into an 
insoluble clot. This is about 10-fold more than the normal amount of 
fibrinogen in that volume of plasma. It would thus appear that there is 
roughly a 10-fold excess of FSF in plasma, and such a “safety factor” 
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may indeed suggest the importance of the insoluble ‘‘plasma clot.”” Even 
pathologic plasmas which contained abnormally low levels of FSF (10) 
were capable of making their own clots insoluble with the residual amount 
of FSF present. Therefore, we must assume that in the coagulation of 
blood, due to the excess FSF and calcium, the clotting of fibrinogen follows 
Pathway b of Reaction Type II, as shown in Diagram 2. The end result 
is the production of a covalently linked copolymer of fibrin and the new 
globulin, fibrin-stabilizing factor. The discovery of copolymerization of 
these two proteins presents the problem of clot formation in an entirely 
different light, and even at this early stage some important questions arise. 
It is reasonable to assume that the initial interaction of fibrinogen and 
thrombin produces the same enzymic step in Reaction Type II as was 
detailed for Reaction Type I, resulting in the liberation of fibrinopeptide 
(and, perhaps, of peptide B). Is the fibrin-stabilizing factor also enzymi- 
cally altered by thrombin before it can enter copolymerization with fibrin? 
Fig. 7 gives some suggestions about the stoichiometric ratio of FSF 
and fibrin in the copolymer. It is seen that 0.02 mg. of purified FSF can 
convert about 2 mg. of fibrinogen to make an insoluble clot. Assuming a 
molecular weight of 400,000 for fibrin and 100,000 for the globulin FSF 
(which seems reasonable in view of its sedimentation rate in the ultra- 
centrifuge), the above combination would represent a FSF to fibrin ratio 
of about 1:25. However, with respect to the stoichiometry of combination 
between fibrin and FSF, we must pay special attention to the possibility 
of enzymic alteration of FSF by thrombin, as mentioned above. FSF 
might be broken up into a number of fragments, and these, rather than 
the intact FSF, may participate in the copolymerization with fibrin.” 
Since “plasma clot”? cannot be dissolved in monochloroacetic acid, we 
assume that the clot is held together not only by hydrogen bonds but also 
by covalent linkages. The nature of these linkages is still unknown, 
but we believe that, in addition to the fact that cysteine protects the ac- 
tivity of FSF, there is sufficient evidence to conclude that the sulfhydryl 
groups of the factor are significant in the formation of insoluble clots. 
Mercaptide-forming and SH-alkylating reagents (6), as well as a disulfide 
dye which had been shown to be highly specific for SH groups (24), prevent 
the formation of insoluble clots if added to plasma in millimolar concentra- 
tions.* It does not necessarily follow that the “plasma clot” is held to- 
gether by intermolecular disulfide bonds, but such a possibility at least 


3 The recent data of Caspary and Kekwick (31) indicate that fibrinogen may have 
a molecular weight as low or lower than 100,000. Such a reevaluation of the size of 
fibrinogen would clearly make the combining ratio of FSF and fibrin less attractive 
from the point of view of copolymerization. 

4 The dye was kindly given to us by Professor I. M. Klotz. 
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exists. Since the fibrin monomer has intramolecular SS linkages but no 
SH groups (25-28), one can envisage the formation of intermolecular 
mixed disulfide bridges from the SS links of fibrin and the SH of the fibrin- 
stabilizing factor. 

Before the development of “plasma clot,” a number of intermediary 
polymers must exist, and it is quite clear that the nature of these partial 
copolymers will depend very much upon the ratio of FSF to fibrin. 

Calcium ions are quite essential for producing the covalent cross linkages 
in “plasma clot,” but their mode of action has not been considered yet. 

Finally, it may be mentioned that the copolymerization of two different 
proteins in exact stoichiometric proportions, as exemplified by the outlined 
mechanism of insoluble clot formation from fibrinogen and the fibrin- 
stabilizing factor, should be considered as a possible pattern for the produc- 
tion of other biological protein fibers. 


This work was aided by a grant from the National Institutes of Health 
(No. H-2212). 


SUMMARY 


When fibrinogen is clotted by thrombin in the presence of calcium ions 
and the fibrin-stabilizing factor of plasma, a clot is obtained which re- 
sembles the “plasma clot” in every respect. It cannot be dissolved in 
urea or in monochloroacetic acid, in contrast to the soluble and mechani- 
cally weaker clot formed in the absence of the factor. 

A method is described for the preparation of highly purified fibrin- 
stabilizing factor from bovine plasma. The activity is shown to reside 
in a globulin fraction. The purified factor is protected by cysteine, but 
cysteine cannot substitute for it. All the evidence indicates that the 
sulfhydryl groups of fibrin-stabilizing factor are important for its biological 
activity. 

The insoluble clot, which in the case of bovine and human species is 
probably the only naturally occurring one, was shown to be a copolymer 
of fibrin and the fibrin-stabilizing factor in definite stoichiometric propor- 
tions. 
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SYNTHESIS OF ESCHERICHIA COLI CELL WALLS IN 
THE PRESENCE OF PENICILLIN* 


By RAUL E. TRUCCOfT ann ARTHUR B. PARDEE 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, August 19, 1957) 


The mechanism of action of penicillin at the cellular level has been con- 
siderably clarified recently. It seems clear that penicillin damages the 
surface of the bacteria, as first suggested by Cooper (1), and this damage 
leads to leakage of the cell contents, alteration of the internal environment, 
and death of the bacteria. On the biochemical level, the evidence is still 
indirect. Lederberg (2), because of observations of creation of spherical 
forms of Escherichia coli by penicillin in hypertonic solution, has suggested 
that synthesis of some component of the cell wall is inhibited preferentially 
by the antibiotic to such an extent that continued growth of the cytoplasm 
brings about extrusion of the cell contents as a protoplast (3). Park and 
Strominger (4) favor this hypothesis since it is consistent with their observa- 
tion that compounds in part similar in composition to cell wall are released 
into the medium by Staphylococcus aureus in the presence of penicillin, and 
these compounds may be precursors of the unfinished walls. An alternative 
hypothesis has been put forth by Prestidge and Pardee (5). It was 
suggested that penicillin causes formation of an enzyme that attacks the 
cell membrane (rather than the cell wall) and that disruption of the mem- 
brane results in escape of the cell contents. A further test of this hy- 
pothesis has not yet been devised. However, it seemed feasible to test 
directly the Lederberg hypothesis, and the results of such tests are the 
subject of the present communication. Measurements were made of cell 
wall synthesis by EF. coli in the presence and the absence of a lethal level 
of penicillin, and in hypo- and hypertonic media. No significant difference 
in the rates of synthesis of cell wall, relative to the rates of cytoplasmic 
synthesis, was observed. 


Methods 


FE. coli strain B, grown at 37° with aeration by swirling, were used in all 
the experiments. For studies on the effects of penicillin in hypotonic 
medium, the bacteria were grown in the glucose-salts medium of Davis (6). 


* Aided by a grant from the University of California Cancer Research Funds and 
by a grant from the Rockefeller Foundation. 
tT Present address, Oklahoma Medical Research Foundation, Oklahoma City, Okla- 
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When the bacteria were to be subsequently exposed to penicillin in the 
presence of sucrose, the glucose-salts medium devised by Hook et al. (7) 
was employed with the addition of 1 mg. of FeCl; per liter. Magnesium 
sulfate was added after sterilization to avoid precipitate formation. Tur- 
bidity, measured with a Klett-Summerson colorimeter and green filter, 
was used to follow growth. Counts of total bacteria were made with a 
Petroff-Hausser bacterial counting chamber and phase contrast microscope. 
Viable counts were made by spreading suitably diluted aliquots on the 
surface of tryptone-agar plates. 

Crystalline ribonuclease (RNase) was prepared in this 
deoxyribonuclease (DNase) was obtained from the Worthington Bio- 
chemical Corporation. Crystalline potassium penicillin G, obtained from 
Eli Lilly and Company, was dissolved in water immediately before use. 
Uniformly labeled C'-glucose was in part a gift from Dr. W. Z. Hassid 
and Dr. E. W. Putman (specific activity, 200 ue. per mg.) and in part was 
purchased from the California Foundation for Biochemical Research (12 
uc. per mg.). 

Protein and ribonucleic acid (RNA) were determined by the Folin (8) 
and orcinol (9) methods, respectively. Samples for radioactive counting 
were evaporated as very thin films on nickel planchets and counted with a 
thin window automatic gas flow counter (Nuclear Instrument and Chemical 
Corporation, Chicago). Specific activity is defined as the ratio of counts 
per minute to mg. of protein. Optical density of the medium was meas- 
ured at 260 mu with a Beckman model DU spectrophotometer. 

Cell walls were prepared by the method of Salton and Horne (10) after 
disruption with the Mickle disintegrator. These walls were then treated 
further to free them from nucleic acids by suspension in 10 ml. of 0.05 m 
phosphate buffer, pH 7.5, and 0.01 m MgCl, at 37° and incubation for 
5 hours with 20 y of RNase and 20 y of DNase. By repeating this proce- 
dure, preparations containing less than 1 mg. of RNA per 100 mg. of protein 
were obtained. The cell walls were finally washed three times with distilled 
water and were suspended in distilled water for counting and analysis. 

To prepare radioautograms of cell walls, the purified walls were hydro- 
lyzed under conditions described by Salton (11) for identification of amino 
acids from cell walls. Aliquots of the hydrolysate containing the same 
total amount of amino acids as estimated by the ninhydrin method (12) 
were deposited on Whatman No. | filter paper, and chromatograms were 
run in two dimensions (phenol-water, 80:20, followed by n-butanol-acetic 
acid-water, 52:13:35). The dried chromatogram was placed next to 
Eastman ‘‘non-screen”’ x-ray film for several days, and the developed 
films were examined visually for exposed areas. The original chroma- 
tograms were subsequently sprayed with ninhydrin to locate the amino 
acids, ete. 
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Results 


Experiments in Hypotonic Medium—These experiments were designed to 
determine the relative amounts of cell wall and cytoplasm synthesized by 
E. coli in the presence and the absence of penicillin. The conditions were 
similar to those used in previous studies from this laboratory, except that 
glucose was used in place of glycerol as a carbon source. In this medium 
150 y per ml. of penicillin killed over 99 per cent of the bacteria in 1 hour. 
Lower concentrations were also lethal; in the same period 15 y per ml. 
killed over 90 per cent and 5 y per ml. killed 50 per cent of the bacteria. 
At 2 y per ml. a bacteriostatic action for 2 hours was noted, and a large 
proportion of long forms of the bacteria was observed. The relatively 
high concentration of 150 y per ml. was used in the following experiments 
in order to determine whether a measurable inhibition of cell wall synthesis 
occurred when penicillin rapidly inactivated (5) the bacteria in hypotonic 
medium. 

To measure incorporation of C'4-glucose into the components of EF. colz, 
the bacteria were grown from 108 to about 1.5 * 10% cells per ml. in four 1 
liter Florence flasks, each containing 435 ml. of culture. The bacteria were 
centrifuged and again suspended in the same volume of fresh, warm 
medium lacking glucose (initial turbidity, 109). Glucose at a final con- 
centration of 1.75 mg. per ml. and 18 we. of C'-glucose were then added 
to each flask. Immediately afterwards, 150 y per ml. of penicillin were 
added to two of the flasks, and all four flasks were swirled for 30 minutes 
at 37°. Subsequent results indicated that the glucose was completely 
utilized and growth stopped at about 20 minutes. Duplicate flasks were 


. combined and put on ice. The cultures were centrifuged, and the pellets 


were washed three times with cold distilled water. Aliquots of the washed 
cells and media were kept for protein and radioactivity determinations. 
The bacteria were treated to obtain cell walls, as described under 
‘“Methods.”” Four fractions were separated from the broken cells: (a) the 
material, mainly unbroken cells, deposited by initial centrifugation at 
3000 r.p.m. (1000 X g) in 10 minutes; (b) the cytoplasm, obtained as 
material not sedimented at 10,000 r.p.m. (11,000 X g) in 30 minutes; 
(c) the cell walls, sedimented between 3000 and 10,000 r.p.m. and further 
purified as described above; and (d) the combined washings of the cell 
wall fraction. Protein was determined after trichloroacetic acid (TCA) 
precipitation, and radioactivity was measured without further treatment. 
The results from one of two such experiments are shown in Table I. It 
is seen from the specific activities that there was no specific inhibition of 
cell wall synthesis by penicillin, within an experimental error of about 10 
per cent. The second experiment gave similar results, but the recovery 
of material was poorer. 
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Portions (1.5 mg.) of the preparations from the above experiment were 
hydrolyzed, and 0.52 mg. was applied to paper for chromatography and 
radioautography, as described under ‘‘Methods” (Fig. 1). The expected 
pattern of ninhydrin-positive spots was found, and similar radioactivity 
was associated with each major spot in the radioautograms from walls of 
control and penicillin-treated bacteria (as judged by visual inspection). 
But several faint, ninhydrin-negative spots were found in the control 


TABLE I 
Incorporation of C'4-Glucose into Components of EF. coli in Hypotonic Medium 
At 30 min. Control culture Penicillin culture 
Klett reading... 131 116 
Viable cells X 10-7 per ml. 227 58 
Optical density of medium. 0.165 0.367 
Radioactivity in total wa 10-6 
Radio- Radio- 
S fi S fi 
mg. | 10-6 | 10% 
c.p.m.| ©P-m c.p.m.| ©P-™ 
Cells (washed) . os 198.0 | 6.6 | 3.3 
Deposited at 3000 r-p.m.. 34.5} 0.9 | 2.6 
Combined washings. cuss 8.9 | 0.4 | (4.5)T 
Cell wall. 8.0/0.2] 3.0 9.7|0.3 | 2.9 


* From entire culture. 
t The values in parentheses are of questionable accuracy owing to difficulty of 
complete TCA precipitation. 


radioautograms and were absent in the samples from penicillin-treated 
bacteria. The significance of these is uncertain. 

Experiments in Hypertonic Medium—The concept that penicillin specifi- 
cally inhibits cell wall synthesis is derived from experiments of Lederberg 
which were performed in a hypertonic medium. Therefore, it seemed 
especially pertinent to measure cell wall synthesis directly in such a medium. 
However, the actual medium used by Lederberg was an extremely rich 
one, so that determinations of small amounts of de novo synthesis were 
not possible with C'*-glucose as a substrate. Instead, the conditions of 
Hahn and Ciak (13) were employed. These authors utilized a hypertonic 
synthetic medium and obtained results similar to those of Lederberg in 
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that penicillin brought about the production of a series of abnormal forms 
of Lf. coli. It is likely that somewhat greater stability can be achieved 
in other media. 

Some consequences of the action of penicillin under these conditions 
were determined. The bacteria were grown to 10° cells per ml. in 360 ml. 
of the medium of Hook et al. (7). Then 100 ml. of sucrose (0.5 m final 
concentration) were added, and the culture was further incubated with 
swirling for 30 minutes. Penicillin (30 y per ml. of final concentration) 


BUTANOL 


PHENOL 


Fic. 1. Radioautogram of a cell wall acid hydrolysate from penicillin-treated £. 
colt. 


was added to half of the culture, incubation was continued without agita- 
tion, and the cultures were handled carefully. Growth was much slower 
after sucrose was added. Aliquots were removed at once and at hourly 
intervals for the determinations shown in Fig. 2. By 3 hours after the 
addition of penicillin, growth had ceased, as shown by the absence of tur- 
bidity increase or protein synthesis. Essentially all of the bacteria were 
unable to form colonies on tryptone-agar plates. Leakage of material 
absorbing at 260 mu commenced at the time of addition of penicillin and 
continued for the duration of the experiment. Observations were also 


_ made with a Petroff-Hausser counter; the total number of bacteria closely 


followed the turbidity changes. The number of abnormal forms was also 
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noted; after approximately 1.5 hours a few abnormal forms were observed, 
and these increased to 16 per cent in 2 hours, 54 per cent in 3 hours, and 
86 per cent in 4 hours. Most of the forms observed in the first 3 hours 
showed emerging protrusions, although types with well developed globular 
portions predominated at later times (see Hahn and Ciak (13) for photo- 
graphs). Mixtures of shapes were always present. The time selected 
for subsequent experiments was 3 hours after addition of penicillin, for 
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Fic. 2. Changes during growth of #. colt in hypertonic medium in the presence 
and the absence of penicillin. O.D. = optical density. 


there was then a definite action on cell morphology, synthetic abilities, 
leakage, and viability under these hypertonic conditions (but little decrease 
in bacterial number, unlike later times). 

Experiments on the incorporation of C™ from uniformly labeled glucose 
were next performed by using the conditions of the experiment described 
immediately above and with samples taken at 3 hours. Two such experi- 
ments were performed and are described together below. The bacteria 
were grown in two cultures, each consisting of 1440 ml. distributed in 
four 1 liter Florence flasks, with 0.75 mg. per ml. of glucose (Experiment 1) 
or 0.35 mg. per ml. of glucose (Experiment 2). When the bacterial density 
reached 7 X 10° cells per ml., 0.5 M sucrose (final concentration) was added, 
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and growth was continued for 30 minutes. Then 94 ue. of C'4-glucose were 
added to each culture (Experiment 1), or 224 we. (Experiment 2). 10 
ml. of aliquots were removed from each flask, and the four samples from 
each culture were pooled and used for the initial analyses. Immediately 
after sampling, penicillin (30 y per ml. of final concentration) was added 
to one set of four flasks, and both cultures were incubated without shaking 
for 3 hours. Aliquots were removed as before for analyses, and the bulk 
of the cultures was placed on ice. Bacteria were removed from the media 
by centrifugation for 15 minutes in a Spinco preparative refrigerated centri- 
fuge at 10,000 r.p.m. (11,000 K g). These many centrifugations required 
6 hours; the pellets were removed immediately after each centrifugation 
and suspended in cold water. Cell walls and other fractions were prepared 
as before, includmg two treatments with nucleases. Both protein and 
radioactivity determinations of the fractions were performed on_pre- 
cipitates, made in 10 per cent TCA. For counting, the precipitates were 
washed three times with 5 per cent TCA resuspended in water, plated for 
founting, and dried carefully. The results of the two experiments are 
seen in Table II. As in hypotonic medium, no significant specific inhibi- 
tion of cell wall synthesis was observed. 

Electron micrographs were made of the cell wall preparations, both in 
order to check purity and to observe consequences of penicillin action, if 
possible. Suspensions of the walls in distilled water at approximately 
the same protein concentrations were mixed with known concentrations of 
polystyrene latex particles. Specimens were prepared by the spray droplet 
technique (14), so that the ratio of cell walls to polystyrene latex particles 
could be determined and from this, the number of walls per ml. Repre- 
sentative sections of micrographs are shown in Fig. 3. Cell walls isolated 
from the penicillin culture looked very similar in shape and structure to 
walls from the control, but seemed larger, on the average. No indication 
of damage or abnormal structure caused by penicillin could be found. 
The number of mg. of protein per apparently complete cell wall was 2.6 < 
10-"' in the penicillin preparation and 1.6 X 10-" in the control; thus 
there was 1.6 times more protein per wall after penicillin treatment. Little 
contaminating material was seen. 

An unexpected finding not directly connected to the action of penicillin, 
but which greatly diminished the uptake of C'4-glucose, was that EF. coli 
strain B metabolized sucrose from 0.5 m solution readily. This became 
apparent when it was found that the bacteria in hypertonic medium took 
up only about | per cent of the anticipated quantity of radioactive glucose. 


_A simple calculation shows that sucrose must have been used extensively 


for growth (rather than that an impurity diluted the specific activity of 
the C'*-glucose). The extent to which the glucose added to the medium is 


4 
q 
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TABLE II 


Incorporation of C'-Glucose into Component of E. 


coli in Hypertonic Medium 


Experiment 1 


Control culture Penicillin culture 
Time, min.. 0 180 0 180 
Klett renin. . 40 73 34 47 
Viable cells X 10-7 per al. 80 135 81 0 
Optical density of medium... 0.165 0). 230 0.194 0.460 
Protein, mg.. recat 122 228 106 175 
Added x 47.5 47.5 
Radio- | Specific Radio- | Specific 
cp.m. | | ™8 | ¢.p.m c.p.m,. 
Cells. 182.0 | 49.6 | 0.27 90.0 | 27.7 0.31 
Medium (TCA- precipitable). 9.3 2.6 | (0.3)T 87.4 11.2 | 0.13 
Deposited at 3000 r.p.m.. 7.9 1.8 | 0.23 | 6.2 1.9) 0.31 
Cytoplasm.. 101.0 | 33.7 | 0.33 |48.7 | 15.8 | 0.32 
Combined 4.9; 0.39 | 3.8 1.0 | (0.26) 


Experiment 2 


Control culture Penicillin culture 
Time, min.. 0 180 0 180 
Klett line. 38 68 31 46 
Viable cells X 10-7 per mil. 75 151 75 0 
Optical density of edie. . 0.180 0.240 0.165 0.380 
Protein, mg.. aor 125 212 93.5 190 
Added x 10-6 ¢ Cpm..... 113.5 113.5 
Radio- | Specific Pro- Radio- | Specific 
¢.p.m c.p.m c.p.m. | ¢.p.m. 
155.0 | 274.0 | 1.7 (77.2 | 132.0 | 1.7 
Medium (TCA- precipitable). 9.1 5.9 | (0.7) |51.6 | 41.6) 0.8 
Deposited at 3000 r.p.m.. 11.3; 20.2; 1.8 | 7.5] 10.7| 1.4 
Cytoplasm. . 86.0 | 120.0! 1.4 48.0) 54.5) 1.3 
Combined 7.5; 11.6} 1.5 | 2.6 0.7 | (2.7) 


* From entire culture. 


t The values in parentheses are of questionable accuracy owing to difficulty of 


complete TCA precipitation. 
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diluted by the other utilizable carbon source determines the specific activity 
ia of the incorporated carbon, relative to that of the original glucose. From 
me such data it was calculated that the medium contained 70 gm. of utilizable 
sugar per liter, and, since 171 gm. of sucrose were actually added, the 
sucrose must have been used nearly as effectively as glucose. This strain of 
pe E. colt was ineapable of growth with dilute sucrose as a sole carbon source. 
vity 
mM. 
31 
13 
31 
32 
26) 
30 
32 
Fic. 3. Electron micrographs of EF. coli cell walls. A, control culture (magnifica- 
—— tion 10,500 <); B, penicillin culture (magnification 10,500 Xx). 
DISCUSSION 
380 Penicillin clearly had no specific inhibitory effect on cell wall synthesis 
in hypotonic medium. The ratio of the specific activity of wall to specifie 
activity of cytoplasm was 0.90 in the penicillin-treated cells, and for the 
re control of normal cells it was 0.88, well within experimental error. Also, 
vity the quantities of protein recovered were similar for both samples. The 
m. recoveries of about 65 per cent are quite satisfactory, since the experiments 
i were designed to furnish reasonably pure samples of cell walls rather than 
gto obtain complete recoveries of material. The conditions (medium, 
4 penicillin concentration, and time of sampling) were selected to reproduce 
3 | those used in previous studies (5). Samples consisted of bacteria which 
7) had been exposed to penicillin for a sufficient time so that the majority 
9 (75 per cent) were irreversibly damaged and were leaky, while secondary 
< effects which might have altered the specific activity ratios had not become 


prominent. It appears, then, that in hypotonic medium penicillin can 
irreversibly destroy the bacterial barriers with no appreciable gross inhibi- 
y of tion of cell wall synthesis during a period in which the increase of cell 
mass is only about 20 per cent (or surface area 13 per cent). A splitting 
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of the surface by increased internal pressure seems unlikely, under these 
conditions, especially for an organism as resistant to physical mistreatment 
as fy. colt. 

It is important to note that the specific activities (counts per mg. of 
protein) provide a measure of the total material synthesized after addition 
of C'-glucose, irrespective of losses during purification. This is true be- 
cause little total protein synthesis occurred, and therefore the specific 
activity was essentially the ratio of incorporated radioactivity to original 
protein (proportionate losses of radioactivity and protein during purifica- 
tion being assumed). Also, when the various fractions are synthesized in 
proportion, their specific activities should be similar, since their protein 
contents are each about 70 per cent of the dry weight. 

The observation that hydrolyzed cell wall preparations of penicillin- 
treated bacteria revealed only minor deficiencies of newly formed com- 
ponents, if any, and showed a pattern similar to that of normal cells, rules 
out the possibility that the radioactivity is taken up into materials such 
as polysaccharides which are unlike the normal cell wall, but which upon 
purification are measured as wall. Also, it argues against specific inhibi- 
tion of a unique wall component, unless that component occurs in small 
amounts. 

Bacteria exposed to penicillin in hypertonic medium produced abnormal 
forms, including rounded bodies, as described by others (2, 13). However, 
under these conditions, and at a time when more than 99 per cent of the 
bacteria were sufficiently damaged to be non-viable upon plating, no signifi- 
cant difference in specific activity of cell wall and cytoplasm was observed 
(ratio 0.94, Experiment 1; 1.15, Experiment 2). The preparations from the 
controls, made from normal cells grown in sucrose, gave a ratio of 0.94, 
Experiment 1; 1.14, Experiment 2. Conditions of these experiments were 
again chosen so that penicillin had definitely set up alterations in the great 
majority of the bacteria, but damage had not progressed so far as to confuse 
seriously the interpretation of the results (as would be the case at later 
times when a considerable disappearance of the cells had occurred). 

The electron micrographs revealed not only that the material being 
analyzed as walls had the appearance of the usual preparation (10), but 
also that the control and penicillin-treated cell walls were similar in appear- 
ance, with no evidence of artifacts in the latter that could confuse the 
analyses. The protein content per countable wall was 1.6 times greater 
after penicillin treatment, as would be expected, since the antibiotic in- 
hibited cell division (as shown by direct counts) but not wall synthesis. 
Scrutiny of the walls did not reveal any unusual formations or cracks or 
defects in the penicillin-treated samples. 

In both of the experiments performed in hypertonic medium, the TCA- 
insoluble material that leaked from the penicillin-treated bacteria was of a 
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specific activity about half that of the cells. This means that much of this 
material leaked from the cells early in the experiment (also shown by the 
curve of ieakage versus time) and that the leaky cells must have continued 
to assimilate C™-glucose. These results demonstrate a large (50 per cent) 
but very gradual leakage, presumably through some minor defects in the 
cell surface. The odd shaped bacteria do not appear to have the same 
permeability properties as the original cells. The observations on ‘“‘proto- 
plast”’ formation by yeast after damage to the cell by an added enzyme (15) 
might well serve as a model for the type of lesion involved. 

The results of the present experiments do not explain how penicillin 
causes a defect in the cell barrier or whether the damage is to the wall or 
membrane. However, the results apparently leave the hypothesis of 
inhibition of wall synthesis (2, 4, 13) untenable and suggest that alternative 
mechanisms should be investigated. The former ideas possibly could be 
modified to fit the present observations by assuming a highly specialized 
or localized inhibition of cell wall synthesis by penicillin, resulting in local 
weakness that is exploited by random strains (rather than by the small 
growth of the cytoplasm). However, proof for such a scheme is entirely 
lacking, and it would seem desirable to provide direct evidence. 


We are indebted to Mr. Louis Davis for taking the electron micrographs, 
and to Mrs. Louise Prestidge for assistance with certain experiments. 


SUMMARY 


1. Direct measurements have been made of cell wall and cytoplasm 
syntheses by Escherichia coli grown on glucose-C™ in the presence and 
absence of penicillin, in hypotonic and hypertonic media, by determination 
of the incorporated radioactivity of isolated cell walls and cytoplasm. 

2. The data showed no inhibition by penicillin of cell wall formation 
relative to cytoplasmic syntheses. Hydrolysis and chromatography of the 
wall preparations did not reveal any major differences of radioactive 
components. 

3. Electron micrographs of cell wall preparations from EF. coli rendered 
non-viable by penicillin appeared the same as walls made from normal 
bacteria. The ratio of gm. of protein per number of walls was 1.6 times 
higher in the former preparations, indicating continued wall synthesis 
without cell division. 

4. Penicillin does not selectively halt all cell wall synthesis. It probably 
causes, directly or indirectly, some minute lesion in the wall or mem- 
brane through which the cytoplasm escapes. In spite of the leakage of 
approximately half of the cell protein contents, protein synthesis con- 
tinues. 
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SYNTHESIS OF UNSATURATED a,6-DIGLYCERIDES 


I. p-a,8B-DIOLEIN AND 1t-a,B-DIOLEIN 


By ERICH BAER ann DMYTRO BUCHNEA 


(From the Banting and Best Department of Medical Research, Subdepartment of 
Synthetic Chemistry, University of Toronto, Toronto, Ontario, Canada) 


(Received for publication, July 29, 1957) 


The availability of optically active glycerides is of considerable interest 
to chemists and biochemists. Two general methods for their synthesis 
are available, one involving the resolution of a racemic intermediate, from 
which the optically active glyceride is obtained by esterification (1-3) while 
the other uses a naturally occurring, optically active compound, which is 
converted without racemization into the desired glyceride (4-8). The 
second method has been applied successfully to the synthesis of the stereo- 
isomers of saturated a-monoglycerides (4—6, 9, 10), a,8-diglycerides (7, 10), 
and asymmetric, mixed acid triglycerides (5, 10). The a,@-diglycerides 
proved to be convenient starting materials for the synthesis of a variety of 
saturated a-glycerol phosphatides (11-19), and a-phosphatidic acids (20, 
21), in both of their enantiomeric forms. A comparison of the synthetic 
products with naturally occurring glycerol phosphatides revealed that the 
natural products possessed the @ structure and L configuration (11, 16, 22, 
23). Inasmuch as unsaturated a,@-diglycerides were not available as 
starting materials for the synthesis of the enantiomeric forms of unsatu- 
rated a-glycerol phosphatides, a procedure was developed that did not re- 
quire these materials, and gave the first optically active, unsaturated a- 
glycerol phosphatide, 7.e. L-a-(dioleoyl)lecithin (23). But attempts to 
apply this procedure to the synthesis of other unsaturated phosphatides, 
e.g. L-a-(dioleoyl)cephalin, failed, and it was realized that unsaturated 
a,8-diglycerides would have to be made available before further progress 
in the synthesis of unsaturated glycerol phosphatides could be expected. 
Recently, Fray and Polgar (24), using a method of Sowden and Fischer 
(7), succeeded in preparing a racemic a,$-di-O-2-methyloctadec-2-enoyl- 
glycerol. The unsaturated diglyceride was obtained by esterifying a-O- 
benzyl glycerol in the presence of pyridine with 2-methyloctadec-2-enoy] 
chloride, and by removing the benzyl group of the reaction product by 
catalytic hydrogenolysis in hexane with palladium black as catalyst. Our 
attempts to prepare p-a,@-diolein in a similar manner did not meet with 
success. The catalytic hydrogenolysis of p-a,@-diolein benzyl ether (VII) 
in glacial acetic acid or hexane with palladium black as catalyst led not only 
to the removal of the benzyl group, but also, as anticipated, to a complete 
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D-mannitol (I)—— 1.2.5.6 -diacetone D-mannitol (II)—s acetone D-glycer- 


aldehyde (III)—s» D-acetone glycerol (IV)—™ D-acetone glyceryl benzyl 


ether 


I 
I 
t 
( 
I 
HO-CHo H2C-0-CHeaCeHs 
Oleoyl chloride ] 

HO-C-H Se H-C-00C(CH2)7CH=CH(CHe)7CHs 
pyridine fg 
HoC-0-CHoCeHs HeC-00C 
=. 
(VI) L-a-glyceryl (VII) J 
benzyl ether Pd, | He ‘ 
2 
bromine in petroleum 

D-a,B-distearin 
cis-9,10-dibromo- ether at -15° 
stearoyl chloride 
+ pyridine I 
a 
r 
H2C-OH' l 
He, Pd 
H-C-00C(CH2)7CHBr-CHBr(CH2)7CH3 
acetic acid 3 

a C 
He2C-00C(CHe ) 7CHBr-CHBr(CHe2 )7CHs H2C-00C(CHe ) 7CHBr-CHBr(CHoe ) | 
(VIII) (IX) 


Zine in ether 


H2C-OH 
2 t 
H-C-00C (CH2)7CH=CH(CHa)7CHs 
H2C-00C (CHe ) 7CH=CH(CHe) 7CHs 
(X) D-a,B-Diolein 
ScHEME [ 

reduction of the oleic acid. The hydrogenation, which was complete at 
the end of 15 minutes, gave D-a,@-distearin in almost theoretical yield. 
However, by converting the oleic acid into 9,10-dibromostearic acid and 
1 The terminal hydroxy] group of the diolein has been formed by the reduction of r 


the carbonyl group of acetone v-glyceraldehyde. The diolein on oxidation hence ; 
would form dioleoyl p-glyceraldehyde, and thus possess the p configuration (6). a 


} 
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regenerating the double bond with activated zinc after removal of the 
benzyl group by hydrogenolysis, we obtained p- and L-a,f-diolein from 
their respective a-glyceryl benzyl ethers in over-all yields ranging from 
60 to 67 per cent. The sequence of reactions leading from p-mannitol to 
p-a ,6-diolein is shown in Scheme I, which illustrates also the stereochemi- 
cal relationship of the diolein and its intermediates to p- and L-glyceralde- 
hyde, the stereochemical compounds of reference. The L-a,6-diolein was 
obtained by the same sequence of reactions, but starting with L-mannitol. 
By substituting the readily available pL-acetone glycerol for p- or L-acetone 
glycerol, racemic a,6-diolein may also be obtained by this procedure. 
Both enantiomers of a,@-diolein were clear and colorless oils at room tem- 
perature and gave upon saponification pure oleic acid in almost theoretical 
yield. The addition of halogen to the ethylenic bond of oleic acid and its 
removal with activated zinc, therefore, proceed without cis-trans isomeri- 
zation, confirming the findings of Nicolet (25) and Holde and Gorgas 
(26). The optical purity of the dioleins is assured by the fact that their 
specific and molecular rotations are of the same magnitude as those of 
p- and L-a,@-distearin (7) and that, upon catalytic reduction, both give 
almost quantitatively the corresponding a,@-distearins with the specific 
rotations of authentic p- and L-a,@-distearin. The procedure described 
under ‘“‘Experimental”’ makes available for the first time the optical isomers 
of an unsaturated a, @6-diglyceride of established constitution and configura- 
tion. These diglycerides should be interesting substrates for the conduct 
of systematic zymological and other biochemical studies concerning the 
biological significance of the asymmetry of the 6-carbon atom in the glycerol 
moiety of naturally occurring fats, phosphatides, and related compounds 
(6). 

The dioleins have been used successfully by us as starting materials in 
the synthesis of the enantiomers of asymmetric triglycerides, a-dioleoyl- 
glycerophosphoric acid, bis(a-dioleoylglyceryl) phosphoric acid, asymmetri- 
cal by substituted dioleoyl bis(L-a-glyceryl)phosphoric acid, and a-(di- 
oleoyl)cephalin. This work will be reported soon. The phosphatidic 
acids are under investigation as possible substitutes for cardiolipin in the 
serodiagnosis of syphilis. 


EXPERIMENTAL 


D-a-Glyceryl benzyl ether (7) and L-a-glyceryl benzyl ether (12) were 
prepared from L-acetone glycerol (27) and p-acetone glycerol (28), respec- 
tively, by the method of Sowden and Fischer (7), but with the modifica- 
tions introduced by Howe and Malkin (29) for the preparation of the cor- 
responding racemic compounds. 

(1) p-Acetone glycerol — p-acetone glyceryl benzyl ether (yield, 70 to 
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75 per cent; b.p. 79-80° at 0.04 mm. of Hg; n? 1.4960; dj’ 1.072; [a], 
+19.3°, in substance) — L-a-glyceryl benzyl ether (yield, 85 to 88 per cent; 
b.p. 115-116° at 0.02 mm. of Hg; n” 1.5295; di’ 1.1437; [a], +5.85°, in 
substance). 

(2) t-Acetone glycerol — L-acetone glyceryl benzyl ether (yield, 70 to 
75 per cent; b.p. 79-80° at 0.04 mm. of Hg; n” 1.4960; di’ 1.072; [al, 
— 19.3°, in substance) — pD-a-glyceryl benzyl] ether (yield, 85 to 88 per cent; 
b.p. 115-116° at 0.02 mm. of Hg; n?? 1.5295; d7° 1.1437; [a], —5.85°, in 
substance). 

p-a,B-Diolein Benzyl Ether (VII)—A solution of 7.3 gm. (40 mmoles) 
of L-a-glyceryl benzyl ether and 8.0 gm. (0.1 mole) of anhydrous pyridine 
in 50 ml. of benzene was added slowly and with stirring, and under an- 
hydrous conditions, to an ice-cold solution of 24.1 gm. (80 mmoles) of 
freshly distilled oleoy] chloride (30) in 50 ml. of benzene, and the mix- 
ture was kept under anhydrous conditions for 20 hours at 40°. The 
reaction mixture after dilution with 400 ml. of ether was filtered with 
suction, and the filtrate was washed successively with three 300 ml. por- 
tions of ice-cold 2 N sulfuric acid, two 300 ml. portions of a saturated so- 
dium bicarbonate solution, and finally with two 500 ml. portions of distilled 
water. The solution was dried with 150 gm. of anhydrous sodium sulfate, 
and the solvents were removed by distillation under reduced pressure, 
The remaining oil was dissolved in 150 ml. of anhydrous acetone, and the 
solution was kept overnight at —10°. After a small precipitate had been 
removed by centrifugation in the cold, the decanted supernatant solution 
was cooled to —80° and kept at this temperature for 1 hour. The precipi- 
tate was centrifuged in a refrigerated centrifuge at a temperature as low 
as possible and was freed from solvent by raising its temperature slowly to 
50° while gradually lowering the vacuum to 0.02 mm. of Hg. The remain- 
ing D-a ,B-diolein benzyl ether, a colorless oil, weighed 26.9 gm. (95 per cent 
of theory). It was found to be readily soluble at room temperature in 
acetone, chloroform, ether, petroleum ether, benzene, and cyclohexane, 
but sparingly soluble or insoluble in methanol, ethanol, or water. n2 
1.4800; d’s 0.9338. [aly +7.73° in substance, Mp +55.0° (in substance). 
[a], +6.2° in chloroform (c, 10). p> +44.0° (in chloroform). dA maxi- 
mum 2520 A, e 198.8; 2580 A, e 242.5; 2640 A, «201. AA minimum 2500 A, 
e 178.2; 2550 A, e 185; 2620 A, e 178. 


CysH7s0;5 (711.1). Calculated. C 77.68; H 11.07 
Found. “Jr: 


L-a,B-Diolein Benzyl Ether—This compound was prepared as described 
for the p isomer, but with p-a-glyceryl benzyl ether as starting material. 


2 This and all following distillations were carried out in a nitrogen atmosphere. 
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The L-a-diolein benzyl ether was obtained in a yield of 90 per cent. Its 
density and refractive index were identical with those of the p isomer. 
[a], —7.73° in substance; [a], —6.2° in chloroform (ce, 10). 

p-a ,B-Distearin—A solution of 4.7 gm. of b-a,8-diolein benzyl ether 
(VII) in 20 ml. of n-hexane, to which had been added 5 drops of acetic 
acid and 0.6 gm. of palladium black (31), was hydrogenated at room tem- 
perature (30°) in an atmosphere of pure hydrogen at a positive pressure of 
50 cm. of water, until the absorption of hydrogen ceased (approximately 60 
minutes). The theoretical amount of hydrogen (3 moles) calculated both 
for the removal of the benzyl group and the reduction of the double bonds 
was consumed within 15 minutes. After the hydrogen was replaced with 
nitrogen and the diglyceride dissolved by warming, the catalyst was 
removed and the solution cooled to 6°. Filtration of the mixture gave 
4.0 gm. (96.8 per cent of theory) of distearin, which upon crystallization 
from hexane melted at 74-75°. [a], —2.7° in chloroform (c 7.7). M.p. 
of authentic p-a,B-distearin (7), 74.5-75°, [a], —2.7°. 

p-a ,B-(Bis-9,10-cis-dibromo)distearin Benzyl Ether* a 500 ml., 
three-necked flask equipped with a sealed, mechanical stirrer, a calcium 
chloride tube, and a dropping funnel, was placed a solution of 21.4 gm. 
(30 mmoles) of p-a,6-diolein benzyl ether in 300 ml. of petroleum ether 
(b.p. 35-60°). The flask was immersed in an ice-salt bath at —18°, and 
a solution of 10.0 gm. (62 mmoles) of bromine in 100 ml. of petroleum 
ether was added with stirring over a period of 2 hours while the temperature 
was maintained between —15° to —18°. At the end of this period the 
cold reaction mixture was washed immediately with two 300 ml. portions 
of a 0.5 N sodium thiosulfate solution, two 300 ml. portions of a saturated 
sodium bicarbonate solution, and finally with two 300 ml. portions of 
distilled water. The petroleum ether solution, after being dried with 150 
gm. of anhydrous sodium sulfate, was concentrated under diminished 
pressure, and the residue was dissolved in 150 ml. of anhydrous acetone. 
The solution was kept overnight at —10°, cleared by centrifugation in 
the cold, and the solvent was removed by distillation under reduced pres- 
sure. The residual oil was freed from the rest of the solvent by being kept 
in vacuo until constant weight was reached. The _ p-a,8-(bis-9,10-czs- 
dibromo)distearin benzyl ether, a colorless and viscous oil at room tem- 
perature, weighed 29.0 gm. (93.7 per cent of theory). It was found to be 
readily soluble at room temperature in chloroform, ether, petroleum ether, 
benzene, and cyclohexane, but sparingly soluble or insoluble in ethanol, 
methanol, or water. 2! 1.5071, dj? 1.2068. [a], +4.95° in substance; 
M, +51.0° in substance; [a], +4.5° in chloroform (c, 10); Mp +46.4° 


’ The prefix “cis” is used here to designate the dibromide derived from oleic acid, 
and has no other stereochemical significance. 
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in chloroform; AA maximum 2580 A, ¢« 277, 2640 A, e 204. AA minimum 
2550 A, € 255, 2620 A, e 184. 


Bry, (1031). Calculated. C 53.59; H 7.64; Br 31.02 
Found. 53.69; 7.81; 30.91 


L-a ,B-(Bis-9,10-cis-dibromo)distearin Benzyl Ether—This compound was 
prepared from L-a,@-diolein benzyl ether as described above for the en- 
antiomer. Yield, 95 per cent of theory. n? 1.5070; d3° 1.2068. [a], 
— 4.93° in substance, Mp —50.9° (in substance); [a], —4.5° in chloroform 
(c, 10), AJ, —46.4° in chloroform. 

Alternative Procedure for Preparation of b-a,@-(Bis-9,10-cis-dibromo)di- 
stearin Benzyl Ether (VIII) and Its Enantiomer—To a solution of 34.5 gm. 
(75 mmoles) of cis-9,10-dibromostearoy] chloride in 50 ml. of dry benzene 
was added, in one portion, a solution of 6.9 gm. (38 mmoles) of L-a-glyceryl 
benzyl ether and 10 ml. of anhydrous pyridine in 50 ml. of benzene, and the 
mixture was kept under anhydrous conditions at 40° for 12 hours. The 
reaction mixture, after dilution with 500 ml. of ether, was filtered with 
suction, and the filtrate was washed in succession with three 500 ml. por- 
tions of ice-cold 2 N sulfuric acid, two 500 ml. portions of a saturated sodium 
bicarbonate solution, and two 500 ml. portions of distilled water. When 
the solution was dried with 150 gm. of anhydrous sodium sulfate and the 
solvents were removed under reduced pressure, 37.2 gm. of an oil were 
obtained that consisted of fairly pure compound VIII. For further purifi- 
cation, the oil was suspended in 350 ml. of 99 per cent ethanol at 40° with 
vigorous stirring for 15 minutes. The mixture was then kept for several 
hours at —10° and separated by centrifugation in the cold. The oily 
precipitate was freed thoroughly from solvent by being kept in vacuo over 
phosphorus pentoxide until constant weight wasreached. The D-a,@-(bis- 
9,10-cis-dibromo)distearin benzyl ether thus obtained weighed 35.0 gm. 
(90.5 per cent of theory) and was identical in every respect with material 
obtained by the former procedure (VI — VII — VIII) described above. 

(IX)—A_ solution of 29.9 gm. 
(29.0 mmoles) of benzyl] ether (VIID) 
in 250 ml. of glacial acetic acid‘ together with 4.5 gm. of palladium black 
(31) was shaken vigorously in an all-glass reduction vessel in an atmosphere 
of pure hydrogen at room temperature and a pressure of approximately 49 
cm. of water until the absorption of hydrogen ceased. The hydrogenolysis 
was complete at the end of 1 hour with the uptake of 1 mole of hydrogen. 
The hydrogen was replaced with nitrogen, the mixture was filtered, and 


4The reductive removal of bromine by hydrogen is negligible (less than 0.1 per 
cent) in acetic acid, but assumes considerable proportions (approximately 20 per 
cent under the experimental conditions specified above) when ethanol is the reaction 
medium. 
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the catalyst was washed with a small amount of acetic acid, and the 
combined filtrates were concentrated in vacuo to a thick oil. The concen- 
trate was dissolved in 500 ml. of ether, and the ether solution was washed 
successively with two 500 ml. portions of a saturated sodium bicarbonate 
solution and three 500 ml. portions of water. The ether solution was 
dried with 150 gm. of anhydrous sodium sulfate, concentrated under 
reduced pressure, and the residue was freed from ether by being kept for 
several hours in a good vacuum (0.02 mm. of Hg). The material was then 
dissolved in 250 ml. of 99 per cent ethanol and the solution was cleared by 
centrifugation. When the alcohol was removed under reduced pressure 
and the residual oil was freed of solvent in vacuo (0.02 mm. Hg) at a bath 
temperature of 40—45°, 25.0 gm. (91.5 per cent of theory) of pD-a,8-(bis- 
9,10-cis-dibromo)distearin (IX) were obtained. If the ultraviolet spec- 
trum of this material in ether solution showed absorption peaks at 
2580 A and 2640 A, indicating the presence of benzyl-containing impurities, 
it was purified by adsorbing it from solution in low boiling petroleum ether 
(12 ml. per 1 gm. of substance) on a column of silicic acid’ (25 gm. per 1 gm. 
of substance), and washing the column with petroleum ether until the 
effluent was free from solute. The tetrabromodistearin was recovered by 
eluting the column with a mixture of equal volumes of petroleum ether 
and ether and removing the solvents by distillation under reduced pressure. 
The p-a ,8-(bis-9,10-cis-dibromo)distearin was found to be soluble at room 
temperature in chloroform, ether, petroleum ether, benzene, acetone, 
acetic acid, ethanol or methanol, and insoluble in water. n2 1.4996; 
d?> 1.2235; [a], +0.61° in substance, M7, +5.7° in substance, [a], —1.70° 
in chloroform (c, 12), 445 —16° in chloroform. 


C39Hw2O;Bry (940.3). Calculated. C 49.78; H 7.72; Br 33.99 
Found. “49.94; ‘7.84; 33.26 


L-a ,B-( Bis-9,10-cis-dibromo)distearin—Prepared from L-a ,B-(bis-9, 10-czs- 
dibromo)distearin benzyl ether by catalytic hydrogenolysis as described 
above for the preparation of the enantiomer. Yield, 88 per cent of theory, 
refractive index, and density identical with the corresponding values of 
the p isomer. [a], —0.61° in substance, [a], +1.70° in chloroform (ce, 12). 

p-a ,8-Diolein (X)—To the vigorously stirred solution of 25.3 gm. (27 
mmoles) of pb-a ,8-(bis-9,10-czs-dibromo)distearin in 400 ml. of ether was 
added over a period of 10 minutes, and in small portions, freshly activated 
zinc that had been obtained from 150 gm. of zinc dust as described below. 
After all the zinc had been added, stirring was continued until the vigorous 
reaction subsided (approximately 15 minutes). The reaction mixture was 


5 Silicic acid (Merck, reagent grade) was sifted through a sieve of 150 meshes per 
linear inch to remove particles smaller than 100 microns. 
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separated by filtration with suction, through a filter coated with Kieselguhr, 
The filtrate was washed with distilled water until the wash water was free 
from bromine ions and dried with anhydrous sodium sulfate. The solvent 
was removed under diminished pressure at a bath temperature of 25-30°, 
and the oil, weighing 16.0 gm., was dissolved in 200 ml. of petroleum ether 
(b.p. 35-65°). The solution was passed through an adsorption column of 
approximately 60 cm. in length, containing 400 gm. of silicic acid,® and the 
column was washed with petroleum ether until the effluent was free from 
solute. The diolein was recovered by passing through the column approxi- 
mately 1 liter of a mixture of equal volumes of ether and petroleum ether. 
The combined eluates were concentrated and freed from solvents under 
reduced pressure at a bath temperature of 35—40°, and the residue was 
taken up in 200 ml. of anhydrous acetone. The solution was kept over- 
night at —10°, and freed from a small precipitate by centrifugation at 
low temperature. The decanted, clear solution was cooled to —80° in a 
mixture of solid carbon dioxide and acetone, and kept at this temperature 
for 1 hour. The precipitate was centrifuged at as low a temperature as 
possible, in a refrigerated centrifuge, and was freed from solvent and 
dried by being brought slowly to room temperature in a gradually lowered 
vacuum in the presence of phosphorus pentoxide. The p-a,@-diolein, a 
colorless and clear oil, weighed 13.5 gm.; 7z.e., 80.5 per cent of the theoretical 
yield. n” 1.4679, d?° 0.9218. The diolein was soluble in chloroform, 
ether, petroleum ether, acetone, and ethanol, but insoluble in water. 
[a]?° +.1.73° insubstance, Mp» +10.7° insubstance, fa]2? —2.8° in chloroform 
(c, 10), Af) —17.4° in chloroform. To prevent loss of optical activity, the 
diolein was stored under anhydrous conditions at — 10°. 


CsgHwO; (621). Calculated. C 75.43; H 11.69; iodine No. 81.8 
Found. 7688: * “80.6 81.0 


L-a,8-Diolein—This compound was prepared from L-a,@-(bis-9,10- 
cis-dibromo)distearin as described for the enantiomer. Yield, 80 per cent 
of theory. Refractive index and density of L-a,6-diolein were identical 
with those of the p isomer. [a]? —1.73° in substance; [a] +2.7° in chloro- 
form (c, 11). 

Recovery of Oleic Acid—The saponification of the diglyceride and the 
recovery of the acid were carried out as described for L-a-dioleoy! lecithin 
(23). 730.0 mg. of p-a,8-diolein gave 657.5 mg. of oleic acid (99 per cent 
of theory); b.p. (0.02 mm. of Hg) 150-151°, n2* 1.4585, m.p. 15.5-16°. 
Authentic oleic acid: n?? 1.4582, m.p. 13.2 or 16° (32). 

Proof of Structural and Optical Purity of p- and L-a ,8-Diolein by Reduction 
to Corresponding a,B-Distearins—The catalytic reduction of b- and L-a,p- 
diolein (1 gm. each) in glacial acetic acid (20 ml.) with hydrogen and 
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platinic oxide catalyst® (0.1 gm.) in the customary manner gave in almost 
theoretical yields p- and tL-a,§-distearin, respectively, possessing the 
melting points and specific rotations of authentic p- and L-a,@-distearin. 

9,10-cis-Dibromostearoyl Chloride—To a solution of 24.1 gm. (80 mmoles) 
of freshly distilled oleoyl chloride (30) in 300 ml. of petroleum ether (b.p. 
35-60°) which was kept at —15° to —18°, was added under anhydrous 
conditions, dropwise and with vigorous stirring, a solution of 12.8 gm. 
(80 mmoles) of bromine in 100 ml. of petroleum ether. When all the 
bromine had been added, the reaction mixture was brought to room tem- 
perature and the solvent was removed under reduced pressure. The 
9,10-cis-dibromostearoyl chloride, weighing 36.0 gm. (97.5 per cent of 
theory), was used without further purification. 

Activation of Zinc Dust'—To 150 gm. of zinc dust in a 1 liter glass beaker 
were added 200 ml. of 2 n hydrochloric acid, and the mixture was stirred 
vigorously for 1 minute at room temperature. Upon addition of 400 ml. 
of distilled water the stirring was continued for another minute. The 
zinc was allowed to settle and the acid was decanted. The procedure 
was repeated twice more, each time a fresh 200 ml. portion of 2 N hydro- 
chloric acid being used. The zine then was suspended with stirring in 
500 ml. of distilled water, allowed to settle, and the wash water was de- 
canted. This procedure was repeated until the wash water was free from 
chlorine ions. The zine was washed with two portions of 99 per cent 
ethanol, followed by two portions of ether. The zinc which loses its 
activity on standing or in contact with air is prepared for immediate use 
only, and is kept covered with ether until it is transferred to the reaction 
vessel. 


SUMMARY 


A procedure for the synthesis of p- and L-a,8-diolein of assured structural 
and optical purity has been developed, consisting of the following sequence 
of reactions: glyceryl-a-benzyl ether — a,@-diolein benzyl ether — a ,6-(bis- 
9,10-cis-dibromo)distearin benzyl ether — 
distearin — a,@-diolein, or an alternative one in which the preparation 
of a,8-diolein benzyl ether is omitted. 

D- and both intermediates in 
the synthesis of p- and L-a,§-diolein, are the first diglycerides of estab- 
lished structure and configuration to contain halo fatty acids. 


6 Prepared as described by Adams, Voorhees, and Shriner, with the exception that 
the sodium nitrate was replaced by an equimolecular amount of potassium nitrate 
(33). 

7 Activated zine, prepared by the method described by Shriner and Newmann (34), 
is not sufficiently active to effect the removal of bromine from pb-a,f-(bis-9,10-cis- 
dibromo) distearin. 
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DEGRADATION OF L-ARABINOSE BY 
AEROBACTER AEROGENES 


I. A PATHWAY INVOLVING PHOSPHORYLATED INTERMEDIATES* 


By F. J. SIMPSON,{ M. J. WOLIN,{ anp W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, 
University of Illinois, Urbana, Illinois) 


(Received for publication, June 3, 1957) 


Most of the sugars reported to occur in nature are of the p stereocon- 
figuration; a few of the L form such as L-arabinose, L-rhamnose, L-fucose, 
and L-xylulose are known to exist. L-Arabinose is found closely associated 
with pectin in plant materials, in pentosans, and in gums. Although 
L-arabinose is utilized by many microorganisms as a substrate for growth, 
little is known as to how it is metabolized. Lampen observed that Lacto- 
bacillus pentosus isomerizes L-arabinose to L-ribulose (1). It was postu- 
lated that L-ribulose was phosphorylated and further metabolized. This 
method of attacking aldoses also has been reported for the dissimilation of 
D-mannose (2), D-arabinose (3), D-xylose (4-6), p-rhamnose (7-9), and 
L-fucose (10). 

Neish and colleagues found that Aerobacter aerogenes ferments L-arabi- 
nose-1-C'*, p-arabinose-1-C', p-ribose-1-C', and p-xylose-1-C"™ to identical 
products with identical labeling (11, 12). Similarly, Lactobacillus pento- 
aceticus ferments L-arabinose-1-C' (13) to the same products with the same 
distribution of C'4 as are obtained in the p-xylose-1-C" or p-ribose-1-C" 
fermentation by L. pentosus (14, 15). This suggests that L-arabinose is 
metabolized via an intermediate common to the route for D-pentoses. 
Thus Bergmann e al. (16) have reported that Escherichia colt produces 
D-phosphoglyceric acid from both L-arabinose and p-xylose, while Volk 
(17) has reported that extracts of Propionibacterium pentosaceum form 
sedoheptulose, ribose, ribulose, and arabinose phosphates from L-arabinose 
and adenosine triphosphate. 

In the present investigation, L-ribulose, L-ribulose phosphate, L-arabi- 
nose phosphate, p-xylulose phosphate, b-ribose phosphate, heptulose 


* This investigation was supported in part by a grant-in-aid from the National 
Science Foundation. A preliminary account of this work was presented at the annual 
meeting of the Society of American Bacteriologists at Houston, April 29-May 3, 1956. 

t Upon educational leave of absence. Permanent address, Prairie Regional 
Laboratory, National Research Council of Canada, Saskatoon, Saskatchewan. 

ft Postdoctoral Fellow, National Institutes of Health. 


457 


i 
| 
| 


458 ARABINOSE DEGRADATION BY A. AEROGENES 


phosphate, and fructose phosphate have been identified as intermediates 
in the metabolism of L-arabinose by A. aerogenes. The conversion from 
the L to the p stereoconfiguration is believed to occur before cleavage of 
the pentose phosphate into 2 and 3 carbon fragments; that is, before the 
action of transketolase. 


Materials and Methods 


Bacteriological—A . aerogenes, PRL-R3, was grown at 30° on a rotary 
shaker in Fernbach flasks containing 500 ml. of a medium consisting of 
0.2 per cent of (NH4)2SOx4, 0.2 per cent of yeast extract, 0.7 per cent of 
K2HPOs,, 0.3 per cent of KH2PO,, 0.05 per cent of sodium citrate: H,0, 
0.01 per cent of MgSO,-7H.O, 0.001 per cent of FeSO4-7H2O, and 1 per 
cent of sugar (usually L-arabinose), the sugar being sterilized separately 
(18). The medium was inoculated with 1 ml. of a broth culture and in- 
cubated until the culture ceased to grow at a logarithmic rate. The har- 
vested cells were washed once with 10-3 mM Versene, pH 7.4, and suspended 
in 10-3 m Versene-10-* m glutathione, pH 7.4. Cell-free extracts were 
prepared by exposing a cell suspension (approximately 2.5 gm. of dry weight 
per 100 ml.) at pH 6.0 to 7.0 to sonic vibration in a Raytheon 200 watt, 
10 ke. oscillator for 15 to 20 minutes. The cellular debris was removed by 
centrifugation at 2300 * g for 20 minutes. The opalescent, pale yellow 
solution containing 14 to 17 mg. of protein per ml. was stored at — 14°. 

Chemical; Materials—All sugars, with the exception of those mentioned 
below, were Pfanstiehl products. L-Galactose, L-lyxose, p-arabitol 
were obtained from the National Research Council of Canada through the 
courtesy of Dr. A. C. Neish. p-Allose and pb-altrose were prepared by 
cyanide addition to p-ribose (19). L-Ribulose and p-xylulose were pre- 
pared by oxidation of adonitol and b-arabitol, respectively, with Aceto- 
bacter suboxydans (20). The culture medium was treated with Zn(OH)> 
(21), and Amberlite IR-120(H+) and IR-400(HCO;-) and then decolorized 
with charcoal. L-Ribulose was recovered as the o-nitrophenylhydrazone. 
Also, both L-ribulose and pb-xylulose were stored as syrups at pH 4 to 5 at 
—14°. o-Nitrophenylhydrazine was prepared from o-nitroaniline by the 
method for p-nitrophenylhydrazine (22). 

Sodium glutathione, barium R-5-P,' and barium I’-1,6-P were purchased 
from the Schwarz Laboratories, Inc. piL-G-3-P was prepared from crys- 
talline disodium pi-glyceraldehyde-1-bromide-3-phosphoric acid (dimeric) 

1 Abbreviations: R-5-P = ribose-5-phosphate; Ru-5-P = ribulose-5-phosphate; 
Xu-5-P = xylulose-5-phosphate; S-7-P = sedoheptulose-7-phosphate; F-1,6-P = 
fructose-1,6-diphosphate; G-6-P = glucose-6-phosphate; G-3-P = glyceraldehyde- 
3-phosphate; DPN = diphosphopyridine nucleotide; TPN = triphosphopyridine 
nucleotide; ATP = adenosine triphosphate; TCA = trichloroacetic acid. 
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obtained from the Concord Laboratories. DPN and crystalline ATP 
were purchased from the Pabst Laboratories, and TPN from the Sigma 
Chemical Company. 

Enzymatic—Twice crystallized aldolase and G-3-P dehydrogenase were 
prepared from rabbit muscle (23). Acid phosphatase was prepared from 
Polidase-S (Schwarz Laboratories, New York) by the procedure described 
by Hochster (24), except that an additional fractionation between 70 and 
85 per cent ammonium sulfate saturation was performed. 1 ml. of this 
preparation hydrolyzed 240 umoles of R-5-P per 30 minutes at 37° in a 1 
ml. assay containing 8 umoles of R-5-P, 40 umoles of acetate buffer, pH 5, 
and 8 umoles of MgCle. 

t-Arabinose-L-ribulose isomerase activity was determined at pH 7.5 
and 37° in a 1 ml. reaction mixture containing 50 uwmoles of glycylglycine, 
10 wmoles of cysteine hydrochloride, 20 wmoles of magnesium chloride, 


100 pmoles of L-arabinose, and enzyme (6). 0.2 ml. samples were trans- 


ferred at 10, 20, and 30 minute intervals to 0.8 ml. of 0.1 N sulfuric acid 
and the ketose content determined by the cysteine-carbazole method (25). 
After addition of reagents, color development was recorded at 10, 20, 30, 
and 60 minutes. 1.-Ribulose-o-nitrophenylhydrazone (m.p. 164°), pre- 
pared as above or kindly donated by Dr. B. Axelrod of Purdue University 
and Dr. B. L. Horecker of the National Institutes of Health, was dissolved 
in ethanol and used as the standard (26). 

Enzymatic dephosphorylation of phosphate esters was carried out as 
follows: The barium salts were dissolved in 0.2 N acetic acid and the barium 
precipitated by adding saturated ammonium sulfate. The reaction mix- 
ture containing the phosphate ester, excess phosphatase, acetate buffer, 
pH 5.2 (10 umoles per ml.), and MgCl. (4 umoles per ml.) was incubated 
at 37° overnight. The solution of free sugars was then deionized with 
Amberlite IR-120(H+) and IR-45(OH-—) and the eluate and washings were 
concentrated in vacuo over calcium chloride. From 60 to 70 per cent of 
the original sugar was recovered. 

Analytical—Spectrophotometric measurements were made at room tem- 
perature with a Beckman model DU spectrophotometer in 3.0 or 0.5 ml. 
cells (1 = 1 em.). Since the cell-free extracts oxidized DPN-H, some of 
the tests were conducted anaerobically in 3.0 ml. cuvettes equipped with 
a Thunberg tube top. 

Optical rotation was determined in the standard model D Keston polari- 
metric attachment for the Beckman DU spectrophotometer (Standard 
Polarimeter Company, New York).2 Pentose and heptulose were deter- 
mined by the method of Mejbaum as modified by Horecker et al. (27). 


2 We are indebted to Dr. W. A. Volk and Dr. V. Hollander of the University of 
Virginia for the loan of this instrument. 
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L-Arabinose was used as a standard and the factor 1.755 was used to con- 
vert to ketopentose. Fructose was determined by the method of Roe and 
Papadopoulos (28), protein by that of Lowry et al. (29), and phosphate by 
the method of Fiske and Subbarow (30). 

Chromatography—For column chromatography of phosphate esters, 
Dowex 1 (200 to 400 mesh) was treated with 1 m NaCl in 2 n HC! until 
absorption at 260 my was insignificant and was washed with water. The 
resin was then treated with 3 m sodium formate until the effluent was free 
from chloride. Excess sodium ion was removed by washing with 50 ml. 
of 6 N formic acid and then with water until the eluate was no longer acidic. 

Separation of the free sugars was accomplished with Dowex 1 borate 
according to the procedure of Khym and Zill (31). The Dowex 1 column 
(2.8 sq. cm. X 24 cm.) was converted to the borate form by passing 0.1 
M sodium borate through the column until the eluate was chloride-free. 
The excess borate was removed by washing with water. 100 ml. of 0.005 
M sodium borate were passed through the column and the solution of sugars 
in 0.005 m borate was then applied. The sugars were separated by elution 
with 1 liter each of the following solutions: 0.005 m, 0.01 m, 0.02 m, 0.03 
M, and finally with 2 liters of 0.04 m sodium borate. 12.5 ml. aliquots were 
collected and tested for the presence of sugar by the orcinol and 
the cysteine-carbazole methods. The effluent containing sugar was passed 
through a column of IR-120(H+) to remove the sodium ions, evaporated 
to dryness in vacuo at 35-40°, and the boric acid removed by distillation 
of methyl borate in vacuo (3, 5). The final oils were dissolved in water 
for subsequent analysis. 

Paper chromatograms were developed with descending water-saturated 
phenol. The sugars were detected by first spraying with the orcinol-TCA 
reagent of Bevenue and Williams (32) and heating at 120° for a few min- 
utes to develop the colors, then by overspraying with the p-aminodimethy!l- 
aniline hydrochloride reagent of Koch et al. (33) and again heating to de- 
velop the colors.’ 


EXPERIMENTAL 


Properties of Cell-Free Extract 


L-Arabinose-L-Ribulose Isomerase—This enzyme is present in cell-free 
extracts of A. aerogenes grown on L-arabinose, but not in significant 
amounts in extracts of cells grown on p-xylose. As determined by the 
cysteine-carbazole method, extracts from cells grown on L-arabinose pro- 
duced ketoses from L-arabinose and slowly from p-galactose but not from 
p-arabinose, D- or L-lyxose, p-ribose, or L-xylose, p-allose, p-altrose, 


3 Unpublished method devised by M. I. Krichevsky and W. A. Wood. 
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L-galactose, D-glucose, D-mannose, L-fucose, L-rhamnose, adonitol, erythri- 
tol, and p- or L-arabitol. The isomerase thus appears to be specific for 


the group 


OH H 
CHO 
H H OH 


p-Fucose, L-altrose, D-manno-p-galaheptose, and _ t-gulo-p-galaheptose 
also have this configuration and would be expected to serve as substrates. 
These were not available for testing. 

The compound produced from tL-arabinose gave a red color in 
the cysteine-carbazole method. The color was completely developed in 
10 minutes and absorbed maximally at 540 my as is characteristic of ribu- 
lose (34). Paper chromatography (water-saturated phenol) of the reaction 
mixture after deionizing with mixed Amberlite IR-120(H*) and IR-45 
(OH-) revealed two spots. The first had the same Ry (0.57) and color 
reactions as L-arabinose, while the second had the same RF, (0.68) and color 
reactions as L-ribulose with the orcinol (32) and dimethylphenaline (33) 
sprays. 

To obtain sufficient product for isolation and identification, the isomerase 
in 100 ml. of crude extract was allowed to act overnight upon 4 gm. of 
L-arabinose in 1 liter of 0.1 m potassium borate buffer (pH 8.0) (3-5). The 
mixture, containing 2.6 gm. of ketose, was then treated with 1.5 volumes of 
warm ethanol and the precipitated proteins were removed by centrifuga- 
tion. The supernatant solution was concentrated in vacuo at 35-40° to 
200 ml. and the cations removed with Amberlite IR-120(Ht). After the 
eluate and washings were further concentrated, the boric acid was removed 
by distillation as methyl borate (3, 5), and the residual thick syrup was 
taken up in 50 ml. of water. This was treated at 2° with 0.5 ml. of bromine 
and the pH maintained at 5 with 3 Nn KOH. Excess bromine was removed 
by gassing with nitrogen. The solution was concentrated to a thick syrup, 
triturated several times with absolute ethanol, and evaporated to dryness. 
The residue was extracted three times with absolute ethanol. The 1.6 
gm. of ketose in the pooled extracts were then isolated as the o-nitropheny!l- 
hydrazone. The melting point after three crystallizations (162-163°) was 
not altered by mixing with authentic L-ribulose-o-nitrophenylhydrazone. 
[a}? +47.4° (c = 0.31, methanol) as compared to fal?’ +47.5° reported 
for u-ribulose o-nitrophenylhydrazone and —48.3° reported for p- 
ribulose o-nitrophenylhydrazone (35). An L-arabinose-L-ribulose isomer- 
ase is therefore present in the extract. 

Other Enzymes—In the assay system for aldolase of Warburg and Chris- 
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tian as described by Taylor (36), the cell-free extract catalyzed the reduc. | 
tion of DPN with tL-arabinose and ATP, or with L-ribulose and ATP as 
the substrates (Fig. 1). The crude extract apparently contains all of the 
enzymes necessary for the metabolism of L-arabinose to G-3-P. p-R-5-P 
and p-F-1,6-P also served as substrates for the reduction of DPN (Fig. 2). 
TPN could not replace DPN in these systems. With G-6-P as the sub- 
strate, however, TPN but not DPN was reduced. The lack of TPN 


DPN REDUCTION WITH L-PENTOSES 
ORUDE EXTRACT A. aerogenes 


03 3 
02 / 
0.1 
ATP, L-ARABINOSE, 
(or L-RIBULOSE 


5 Te) 5 ®D 
MINUTES 
Fic. 1. The reduction of DPN by L-arabinose or L-ribulose and ATP. The 0.5 
ml. of reaction mixture contained 8.5 wmoles of sodium arsenate, 0.25 umole of 
DPN, 12.5 umoles of glycylglycine, 5 wmoles each of sodium glutathione, MgCh, 
ATP, and pentose, 0.5 umole of cocarboxylase, and 0.04 ml. of crude extract. The 
pH was 7.5. 


0.7 | 
L-RIBULOSE + are/ 
Oo 

~ 

0S 
> 
F 04 L-ARABINOSE /— 
2 / + ATP 
uJ 
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reduction with R-5-P indicates that no G-6-P was formed from R-5-P 
under the conditions used. On the assumption that the DPN reduction 
results from G-3-P oxidation, these data indicate the presence of phospho- 
ketopentoepimerase, ketolase (37) or transketolase, phosphoriboisomerase, 
I-1 ,6-P aldolase, G-3-P dehydrogenase, and G-6-P dehydrogenase. 
Transketolase or other enzymes may cleave L-Ru-5-P to a 2-carbon 
fragment and L-G-3-P. The i-G-3-P formed may then be racemized to 
p-G-3-P. However, as shown in Fig. 2, the addition of 0.14 umole of 
pL-G-3-P to a crude extract resulted in the formation of half that amount 
of DPNH; the same amount was reduced by crystalline muscle G-3-P 
dehydrogenase (specific for D isomer (36)) or by a mixture of crude extract 
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and crystalline G-3-P dehydrogenase. Since only one isomer was oxidized 
by the mixture of enzymes, the bacterial enzyme also oxidizes only p-G-3-P 
and does not interconvert pD- and L-G-3-P. 


Identification of Phosphorylated Intermediates 


Paper Chromatography of Free Sugars—The phosphorylated intermedi- 
ates were prepared at pH 7.5 and 37° by incubating 4.0 ml. of the cell-free 


DPN REDUCTION BY CRUDE EXTRACTS 
A aerogenes 
= CUVETTE ANAEROBIC ouverte 
° OL- 
+ 
za 
a 50 % OXID. — 
| (0.07 uM) 
02 
| 
R-5-P + TPN 


10 5 10 IS 

MINUTES 
Fic. 2. DPN reduction by G-3-P and its precursors. The open cuvette (1 = 
cm.) contained 81 wmoles of glycylglycine, 51 wmoles of sodium arsenate, 1.0 umole 
of DPN or TPN, 60 umoles of glutathione, 60 wmoles of sodium fluoride, 20 uwmoles 
of substrate, cell-free extract (approximately 1.5 mg. of protein), and water to 3 
ml. The same concentrations were used in the anaerobic cuvette, except that cys- 
teine hydrochloride was used instead of glutathione. After being flushed with nitro- 
gen, the substrates, 20 umoles of ribose-5-phosphate or 0.424 umole (0.14 umole per 
ml.) of pu-G-3-P, determined as alkali-labile phosphate, were added to start the 
reaction. 


extract in an 8.0 ml. reaction mixture containing 200 umoles of glycyl- 
glycine, 100 wmoles of magnesium chloride, 400 umoles of L-ribulose, and 
400 umoles of ATP. Two ml. samples were withdrawn at intervals and 
heated in boiling water for 2 minutes. 0.1 ml. of 1.1 mM barium acetate was 
added and the pH adjusted to neutrality with dilute barium hydroxide 
and acetic acid. After being washed with 1 ml. of water, the precipitate 
was removed by centrifugation and discarded. 4 volumes of ethanol were 
added to the combined supernatant solution and washings. The barium 
salts of phosphate esters were recovered by centrifugation, washed once 
with 80 per cent ethyl alcohol, and dried in vacuo. 
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The sugars obtained by treatment with acid phosphatase were chroma- 
tographed on paper. Compounds having the same location and color 
reactions as glucose, sedoheptulose, fructose, ribose, and ribulose were 
detected (Table I). Glucose was not found in samples withdrawn after 
10 minutes incubation, but was always present in samples withdrawn at 
20 minutes or later. In the region Ry = 0.56 to 0.65, one or more aldose 


TaBLeE I 
Paper Chromatography of Dephosphorylated Sugars 

The alcohol-insoluble barium salts of the phosphate esters were dephosphorylated 
with acid phosphatase and deionized with Amberlite IR-120(H*) and IR-45(OH>). 
The deionized solution and washings were dried in vacuo, then taken up in 0.2 ml. 
of H.0. 10to 100 ul. were applied to the paper and the chromatogram was developed 
for 20 hours with water-saturated phenol, dried, and sprayed first with orcinol-TCA 
(32) and then with dimethylphenaline-TCA (33). 


Authentic sugars Unknown mixture 
Rr | Orcinol spray | Rr Orcinol spray 
Glucose. .. .|0.43) Colorless Orange 0.42 Colorless Orange 
Sedoheptu- 
lose ...... 0.49) Blue-green Blue-green (0.47 Blue-green | Blue-green 
Xylose.....|0.51} Colorless Brown 
Fructose. Olive-green 0.57 Olive-green | Brown 
(green fl.) (green fi.) 
Arabinose. .|0.57| Colorless Pink 
Ribose. ... .|0.64 0.60-0.65) Colorless Pinkish 
brown 
Xylulose. . .|0.65) Steel-gray Purple (pink 
fl.) 
Ribulose....|0.68) Brownish Rose 0.68 Brownish Rose 
gray (pink (orange fl.) gray (orange 
fl.) (pink fl.) fl.) 


Fl. = fluorescence. 


spots appeared that may have contained ribose or arabinose, but a definite 
decision could not be made because of tailing from the very large ribulose 
spot. For this reason, xylulose, which also migrates to the same area, 


could not be detected. 

Identification of Intermediates by Column Chromatography—Phosphoryl- 
ated intermediates were prepared at pH 7.5 and room temperature by 
incubating 14 ml. of crude extract in a 25 ml. reaction mixture containing 
5000 umoles of L-arabinose, 125 umoles of glutathione, 1000 umoles of ATP, 
and 2500 umoles of magnesium chloride. 


The pH was maintained at 7.5 
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by the periodic addition of 0.1 N NaOH. When rapid phosphorylation 
had ceased, acetic acid was added to 0.2 M concentration and the precipi- 
tate removed by centrifugation and washed once. The combined wash 
and supernatant solution was passed through an Amberlite IR-120(H*) 
column (1.33 sq. cm. X 20 em.) to remove adenine nucleotides. The 
column was washed with water until the pentose content of the eluate 
decreased to a minimum or the adenine compounds (increase in absorption 
at 260 mu) began to appear in the eluate. The eluate was adjusted to 
pH 6.0 to 6.5 with 3 n KOH, a solution containing 2.6 gm. of barium ace- 
tate added and the precipitate was removed by centrifugation. The 
phosphate esters were precipitated with 4 volumes of ethanol and recovered 
by centrifugation. 

For separation of the phosphate esters by column chromatography, the 
barium salts were treated with Amberlite IR-120(H+) to remove barium 
ions and reduce the pH to 3.0. The filtered solution (about 75 ml.) was 
then applied to a Dowex 1 formate column (2.52 sq. cm. X 60 cm.) and the 
column washed with 50 ml. of water. The phosphate esters were separated 
by gradient elution (38) with 1 liter of 0.2 N formic acid, followed by 2 
liters of 0.2 N formic acid-0.02 m sodium formate, and finally by 2 liters of 
0.2 n formic acid-0.04 m sodium formate. The mixing chamber initially 
contained 200 ml. of water. The rate of elution was 2 ml. per minute; 
12.5 ml. aliquots were collected. After location of the peaks and quanti- 
tative determination of the sugar present, the fractions were pooled, 1000 
umoles of barium acetate were added to each fraction, the pH was adjusted 
to 6.0 to 6.5 with 3 n KOH, and 4 volumes of ethanol were added. The 
alcohol-insoluble precipitates were collected by centrifugation, washed 
with 80 per cent ethanol, and dried in vacuo. 

Six definite peaks were located by the orcinol test for pentoses (Fig. 3). 
Fraction A, comprising tubes 140 to 190, absorbed strongly in the ultra- 
violet region. The ratio of absorption at 250 to 260 my was 0.89 and at 
280 to 260 it was 0.21 as compared to values of 0.84 and 0.22 obtained with 
adenylic acid. Adenylic acid, when applied and eluted from the Dowex 1 
formate column, was found in the same position. Fraction A is, therefore, 
believed to be adenylic acid. 

The remaining fractions were analyzed by determining the spectrum of 
the color produced in the orcinol reaction, by reactivity in the cysteine- 
carbazole test, and by paper chromatography of the dephosphorylated 
fractions in the phenol-water system (see Table I for the methods and 
characteristics of authentic sugars). Dephosphorylation was carried out 
with acid phosphatase. 

Fraction B (Tubes 335 to 365, Fig. 3) was cysteine-carbazole-positive 
and had an orcinol spectrum corresponding to that produced by sedo- 
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heptulosan. The Ry and color reactions of the dephosphorylated sugar 
were identical with those of authentic sedoheptulose. Fraction B is, 
therefore, believed to be sedoheptulose phosphate. 

The orcinol spectrum of Fraction C (Tubes 380 to 400, Fig. 3) had a 
maximum at 530 my similar to that obtained with fructose-6-phosphate, 
A smaller peak at 670 my also was visible, probably due to a contamination 
of the fraction with a small amount of pentose. Fraction C was cysteine- 
carbazole-positive and gave a positive reaction in the Roe test for fructose 
(28). The Ry and color reactions of the dephosphorylated sugar were 
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Fic. 3. Chromatography of phosphorylated intermediates on a Dowex 1 formate 
column. The elution rate was 2 ml. per minute and the fraction volume was 12.5 
ml. The other conditions were as described in the text. 


identical with those of fructose. Fraction C is, therefore, believed to be 
fructose phosphate. 

Iractions D and E gave green colors in the orcinol test, but only Frac- 
tion E was cysteine-carbazole-positive. Since these fractions overlapped, 
they were combined (Tubes 410 to 440, Fig. 3), treated with phosphatase, 
and the free sugars refractionated on a Dowex 1 borate column. 

Four peaks (Fig. 4) appeared in the effluent from the borate column. 
The first component (DE-1) gave the same absorption spectrum in the 
orcinol test, the same time of color development in the cysteine-carbazole 
test, and produced a single spot on a paper chromatogram with the same 
spray reactions as authentic xylulose (Table II). The specific rotation as 
measured in the Keston polarimeter established the component as D- 
xylulose (Table II). The second component of Fraction DE produced the 
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same orcinol absorption spectrum, Rr, and spray reactions in a paper chro- 
matogram as ribose (DE-2, Table II). The specific rotation, considered 
as only an estimate because of the small change in light transmission (0.5 
per cent), was low for p-ribose. The third component (DE-3) produced a 
brownish color in the orcinol test with an absorption spectrum similar to 
that of ribulose. The compound had the same Ry value and spray reac- 
tion as ribulose (Table II). The fourth component of Fraction DE was 
not identified. 
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Fic. 4. Separation of the free sugars in Fractions DE and F (Fig. 3) by chroma- 
tography on Dowex 1 borate. The flow rate was 1.5 ml. per minute and fractions of 
12.5 ml. were collected. 


Fraction F, obtained on separation of the phosphate esters on the Dowex 
1 formate column (Tubes 450 to 490, Fig. 3), contained a mixture of sugars. 
After dephosphorylation and chromatography on Dowex 1 borate, four 
components were again detected. The first component (F-1, Fig. 4) was 
identified as xylulose from the slower rate of color development in the 
cysteine-carbazole test, orcinol absorption spectrum, and by paper chro- 
matography (Table II). The second component was identified as ribose 
by the orcinol absorption spectrum and paper chromatography. 

The third component (I*-3, Tubes 390 to 410, Fig. 4) had an orcinol 
spectrum, time development curve in the cysteine-carbazole test, and 
behavior on a chromatogram like that of authentic ribulose (Table II). 
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Insufficient material was recovered to determine specific rotation. It is 


likely that this component is a mixture of p- and t-ribulose. 


The fourth 


component of Fraction F (F-4, Tubes 420 to 450) had an aldopentose spec- 
The sugar had the same FR, and spray reactions 


trum in the orcinol test. 


as arabinose. 


The high positive specific rotation of this fourth component 
established it as L-arabinose (Table IT). 


TaBLeE II 
Identification of Sugars Eluted from Dowex 1 Borate 
Orcinol spectra Chromatography in phenol-water 
Component 
‘maximum Orcinol spray | Re Specific rotation 
degrees 
DE-1........ .|670, Purple Steel-gray |0.64) —32.3 (c = 0.32%) 
p-Xylulose.. ./670, 540/0.48 0.65) —33.2 (4)* 
DE-2.........|670 Pink Colorless (0.63) —9.5 = 0.21%) 
p-Ribose. . .. .|670 0.64) -—23.7 (39)* 
DE-3........ .|670, 5400.89} Rose (orange | Brownish (0.68 
fl.) gray 
F-1.........../670, 5400.45) Purple Steel-gray (0.64 
F-2.........../670 Pink Colorless (0.63 
F-3...........|670, 5400.76; Rose (orange | Brownish 
fl.) gray 
L-Ribulose....|670, 5400.79) Rose (orange | Brownish (0.68) —16.6 (20)* 
fl.) gray 
Pink Colorless (0.57} +100 (c = 0.05%) 
L-Arabinose. . |670 0.57; +104.5 (39)* 
Fl. = fluorescence. 
* Bibliographic reference. 
DISCUSSION 


The existence of L-arabinose-L-ribulose isomerase and the conversion of 
L-arabinose or L-ribulose plus ATP to a wide variety of phosphate esters 
extend to A. aerogenes the findings and postulates of Lampen (1) that 
L-arabinose fermentation by L. pentosus involves formation and phospho- 
rylation of t-ribulose. The presence of transketolase, G-3-P dehydro- 
genase, and aldolase and the observed sequential formation of heptulose | 
and hexose phosphates from t-ribulose and ATP are considered evidence | 
that the transaldolase-transketolase pathway to fructose-6-phosphate 
functions in L-arabinose fermentation by A. aerogenes. These data provide 


an enzymatic basis for the fermentation pattern postulated by Neish and 
Simpson to explain the labeling of products derived from L-arabinose-1-C" 
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It is by A. aerogenes; 1.e., a pentose phosphate derived from L-arabinose is 
ourth — transformed into fructose-6-phosphate by transaldolase and transketolase 
spec- | and the fructose-6-phosphate is then fermented via the Meyerhof-Embden 
‘tions | glycolytic scheme. p-Arabinose-1-C'* and p-xylose-1-C'* were fermented 
ynent to the same products with the same labeling (11); hence it is inferred that 
L-arabinose fermentation involves a conversion to intermediate pentose 
phosphates of the p configuration. 

Since pL-G-3-P is one-half oxidized by G-3-P dehydrogenase from A. 
aerogenes, by crystalline p-G-3-P dehydrogenase from muscle, and by a 


PATHWAY OF L-ARABINOSE FERMENTATION 
Aerobacter aerogenes 


270) H-C=0 Ho-C-OH C-OH H-C-OH 

H-C-OH C-0 

HO-C-H HO-C-H H-C-OH 
_ CHZOPOSH, CHZOPO3H2 
L-ARABINOSE L-RIBULOSE L-RIBULOSE -5-P 0-XYLULOSE-S-P 

0-S-7-P 
57%) 
PRODUCTS 


Fic. 5. Postulated pathway of the fermentation of L-arabinose by A. aerogenes 


; mixture of these enzymes, it is concluded that L-G-3-P is not oxidized in 

ae A. aerogenes and is not converted to p-G-3-P. Thus a mechanism for con- 
version of L to p configuration involving (a) cleavage of an L-pentose phos- 

that ; 

phate to yield a 2-carbon unit and L-G-3-P; (b) racemization of L-G-3-P to 


ee _ D-G-3-P; and (c) formation of a p-pentose phosphate by reversal of the first 
iat ws reaction appears to be ruled out. Although pathways involving other 
me cleavage reactions or a change of the intact pentose molecule end for end, 
nate | oS in the conversion of L-xylulose to p-xylulose via xylitol (40, 41) have not 
wide been tested, it has been considered more likely that the change in configura- 
and | '0n occurs by isomerization of a hydroxyl group, as in the phosphoketopen- 


ci toepimerase reaction (42). In support of this hypothesis an enzyme has 
been found in extracts of A. aerogenes which converts L-Ru-5-P (43) to 
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p-Xu-5-P (44, 45). Thus, the pathway of L-arabinose fermentation by 
A. aerogenes may be visualized as shown in Fig. 5. 

The steps in L-arabinose fermentation in L. pentosus and A. aerogenes 
are initially similar in that isomerization of both L-arabinose and ATP is 
required in each instance. The pathways diverge at the cleavage of pen- 
tose, presumably p-xylulose-5-phosphate, if not before. This is evidenced 
by the fact that A. aerogenes contains transketolase and forms S-7-P, 
whereas L. pentosus is devoid of transketolase but contains a ketolase which 
forms pv-glyceraldehyde-3-phosphate and acetyl phosphate from Xu-5-P 
(37). Differences in pathway beyond the point of cleavage account for 
the widely different labeling in products formed by these organisms from 
L-arabinose-1-C". 

The presence of L-arabinose phosphate appears not to fit the scheme pres- 
ently visualized. Even though the presence of a very active L-arabinose 
isomerase suggests that L-arabinose is not the substrate phosphorylated, 
the existence of an L-arabinokinase has not been eliminated. Other pos- 
sibilities include isomerization of another pentose or pentulose phosphate, 
either chemical or enzymatic, or formation via more complicated routes 
such as the transformation involving the uridine derivatives of pentoses 
reported to occur in mung beans (46, 47). 


SUMMARY 


Cell-free extracts of Aerobacter aerogenes isomerize L-arabinose to L- 
ribulose. In the presence of adenosine triphosphate the same extracts 
catalyze the reduction of diphosphopyridine nucleotide (DPN) but not 
triphosphopyridine nucleotide (TPN) with L-arabinose and L-ribulose as 
substrates. Similarly DPN but not TPN is reduced with ribose-5-phos- 
phate and fructose-1 ,6-phosphate as substrates, whereas TPN but not 
DPN is reduced with glucose-6-phosphate. L-Glyceraldehyde-3-phosphate 
is not oxidized. 

Ribulose, L-arabinose, p-ribose, D-xylulose, fructose, and heptulose 
phosphates have been identified as intermediates in the metabolism of 
L-arabinose by the cell-free extracts. Thus the route for fermentation 
of L-arabinose by A. aerogenes is believed to be, in sequence, L-arabinose, 
L-ribulose, L-ribulose phosphate, b-pentose phosphate, p-sedoheptulose 
phosphate, v-fructose-6-phosphate, p-glyceraldehyde-3-phosphate, and 
finally the fermentation products. The position of L-arabinose phosphate 
in this reaction sequence is unknown. 


The technical assistance of Mrs. B. B. Kitch and the active interest of 
Dr. B. L. Horecker are gratefully acknowledged. 
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DEGRADATION OF t-ARABINOSE BY 
AEKROBACTER AEROGENES 


II. PURIFICATION AND PROPERTIES OF Lt-RIBULOKINASE* 
By F. J. SIMPSONT ano W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, 
University of Illinois, Urbana, Illinois) 


(Received for publication, June 3, 1957) 


Lampen (1) observed that extracts of Lactobacillus pentosus grown on 
L-arabinose isomerize L-arabinose to L-ribulose. Both sugars were fer- 
mented by resting cells and were phosphorylated by extracts at similar 
rates. Analogous results have been obtained with Aerobacter aerogenes, 
although the degradation of L-arabinose (in the presence of ATP’) to triose 
phosphate was preceded by a longer lag period than that observed for the 
degradation of L-ribulose (2). The data suggest as Lampen postulated 
(1) that L-arabinose is isomerized to L-ribulose, which is then phosphory]- 
ated before being further metabolized. On the other hand, both ribulose 
phosphate and L-arabinose phosphate have been isolated after incubation 
of L-arabinose and ATP with a crude extract (2). In partial clarification 
of this observation, a kinase has been purified from such extracts which 
phosphorylates L-ribulose but not L-arabinose. 


Materials and Methods 


The methods, materials, and gifts acknowledged in Paper I (2) were also 
employed in this investigation. Additional materials and procedures are 
described below. 

Bacteriological—15 liter cultures of A. aerogenes were grown at 35° on a 
medium (15 liters) described previously (2). The fermentor consisted of 
a glass carboy equipped with an impeller and aerating device. The cells 
were recovered in a Sharples centrifuge, then washed, and treated in a 


* This investigation was supported in part by a grant-in-aid from the National 
Science Foundation. A preliminary account of this work was presented at the an- 
nual meeting of the Society of American Bacteriologists at Houston, April 29-May 3, 
1956. 

t On educational leave of absence. Permanent address, Prairie Regional Labo- 
ratory, National Research Council of Canada, Saskatoon, Saskatchewan. 

1The following abbreviations are used: ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; AMP, adenosine monophosphate; UTP, uridine triphosphate; 
ITP, inosine triphosphate; L-Ru-5-P, i-ribulose-5-phosphate; p-Ru-5-P, p-ribulose- 
5-phosphate; p-R-5-P, p-ribose-5-phosphate; GSH, reduced sodium glutathione; 
P, phosphate. 
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Raytheon 10-ke sonic oscillator as previously described (2). The ex. 
tracts and fractions thereof were stored at — 14°. 

Chemical—u-Xylulose was kindly donated by Dr. O. Touster of the 
Vanderbilt University School of Medicine. Gifts of p-ribulose and its 
o-nitrophenylhydrazone were gratefully received from Dr. R. W. Watson 
of the National Research Council of Canada and from Dr. B. L. Horecker 
of the National Institutes of Health, respectively. L-Erythulose was 
prepared by M. I. Krichevsky of this laboratory by the oxidation of eryth- 


L-RIBULOKINASE ASSAY 
15 

12 
7 
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uM CO, per hour 


2.5 5.0 7.5 10.0 


PROTEIN, pg per cup 


Fic. 1. Effect of enzyme concentration on the reaction rate. The reaction mix- 
ture (1.2 ml.) contained 23 umoles of NaHCO;, 5 umoles of NaGSH, 4 uwmoles of Ver- 
sene, 20 umoles of ATP, 100 wmoles of MgClo, 20 umoles of L-ribulose, and 1-ribu- 
lokinase in the quantities indicated. 


ritol with Acetobacter suboxydans (3). Dr. M. L. Wolfrom of Ohio State 
University generously supplied xylitol ATP, ADP, AMP, and UTP 
were purchased from the Pabst Laboratories, and ITP from the Sigma 
Chemical Company. 

Enzymatic—The activity of L-ribulokinase was determined by the mano- 
metric method of Colowick and Kalckar (4) at 37.5° with appropriate con- 
trols for adenosine triphosphatase activity. The main compartment of 
the Warburg cup contained glass-distilled water, 23 umoles of NaHCO, 
5 umoles of NaGSH, 4 umoles of Versene (pH 7.5), t-ribulokinase, 20 umoles 
of ATP (pH 7.5), and 100 umoles of MgCle (pH 7.5), added in that order. 
After flushing with nitrogen-carbon dioxide (95:5) and temperature equl- 
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libration, the reaction was initiated by tipping in L-ribulose (20 umoles) 
from the side arm. The final volume was 1.2 ml. The volume of CO. 
released between the 5th and 20th minute was used to calculate the units 
of activity. 1 unit was defined as that amount of enzyme required to 
phosphorylate 1 umole of L-ribulose per hour. In this assay the velocity 
is essentially proportional to the enzyme concentration up to 15 units of 
kinase per cup (lig. 1). This procedure was equally useful with crude and 
purified preparations. With the purified preparations, as little as 1 y of 
protein gave measurable activity. 


Results 


Purification of L-Ribulokinase 


All operations were performed at 0-5°. Precipitates were separated by 
centrifugation at 15,000 X g for 10 minutes. Versene buffer (1 K 10-3 m 
sodium ethylenediaminetetraacetate, pH 7.5) was used to dissolve the 
precipitates, to dilute the enzyme preparations, and for dialysis. 

Removal of Nucleoproteins—To 1 liter of cell-free extract (pH 6.6, con- 
taining 15 mg. of protein per ml.), prepared as described in Paper I (2), 
were added 608 gm. of ammonium sulfate. The precipitate was collected 
and dissolved in 1700 ml. of Versene buffer (9 mg. of protein per ml.). 
315 ml. of 2 per cent protamine sulfate, pH 5.0, were added with stirring 
and the solution was then dialyzed overnight against Versene buffer. The 
precipitate that formed was removed by centrifugation. The supernatant 
solution (2100 ml.) contained 5.4 mg. of protein per ml. This procedure 
raised the ratio of optical densities at 280:260 my from 0.6 for the crude 
extract to 0.75 to 0.8. 

Ammonium Sulfate Fractionation—The supernatant solution was treated 
with 750 gm. of ammonium sulfate and the precipitate removed. An addi- 
tional 536 gm. of ammonium sulfate were added to the supernatant solution 
(2575 ml.) and the precipitate was collected and dissolved in Versene buffer 
(500 ml.).2.~ This solution was dialyzed overnight to reduce the concentra- 
tion of ammonium sulfate. The ratio of optical densities at 280 and 260 
mu was 1.06. (Ammonium Sulfate I, 1650 ml., 6.3 mg. of protein per ml.) 

Adsorption of Foreign Proteins with Calcium Phosphate Gel—The ammo- 
nium sulfate content of the preceding fraction was adjusted to 0.2m. 900 
ml. of calcium phosphate gel (60 gm. of dry weight) were added and the 
mixture was stirred for 2 to 5 minutes. The gel was removed by centrifu- 


2 The behavior of L-ribulokinase during ammonium sulfate fractionation varies 
widely with extracts of different cultures grown under essentially the same condi- 
tions. This apparently is a function of the amount of polysaccharide present. The 
higher the polysaccharide content, the more ammonium sulfate is needed to pre- 
cipitate the kinase. 
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gation, washed once with 500 ml. of Versene buffer, and discarded. The 
supernatant solution and washings were combined (2475 ml., 1.02 mg. of 
protein per ml.). This treatment removed the color and nearly all of the 
adenosine triphosphatase activity. 

Ammonium Sulfate Fractionation—To the above solution were added 
587 gm. of ammonium sulfate. The precipitate was removed by centrifu- 
gation and discarded. An additional 172 gm. of ammonium sulfate were 
then added to the supernatant solution (2875 ml.), and the precipitate was 
recovered, dissolved in 80 ml. of Versene buffer, and dialyzed overnight 
against Versene buffer to remove the ammonium sulfate. The dialyzed 


TABLE 
Purification of t-Ribulokinase 

units* X fold per cent 

Protamine supernatant . 199 16 1 110 
Ammonium sulfate I (60-90% aciuented) .. 186 18 2 103 
Calcium phosphate gel supernatant. . 173 69 6 96 
Ammonium sulfate II (45-55% saturated) .. 153 505 42 85 
Calcium phosphate gel eluate. . ; : 95 1375 115 53 
Ammonium sulfate III (44-48% .. 49 2450 204 27 
(48-52% 33 1680 140 18 


*1 unit = 1 wmole of L-ribulose phosphorylated per hour. 


solution (105 ml.) contained 2.89 mg. of protein and 0.06 mg. of ammonium 
sulfate per ml. 

Adsorption on Calcium Phosphate Gel—The dialyzed solution was treated 
with 58 ml. of calcium phosphate gel (0.888 gm.) and stirred for 3 to 4 
minutes. 80 per cent of the protein and 97 per cent of the enzyme were 
adsorbed. The gel was separated by centrifugation and washed twice 
with 25 ml. of Versene buffer. The kinase was eluted from the gel with 
two 25 ml. portions of 0.0025 m potassium phosphate-0.001 m Versene (pH 
7.4). (Calcium phosphate gel eluate, 70 ml.) 

Ammonium Sulfate Fractionation—To the gel eluate were added 60 ml. 
of a solution of ammonium sulfate (510 mg. per ml. saturated at 2° and 
warmed to room temperature) in 10-* m Versene (pH 7.4). The precipitate 
that formed was removed by centrifugation and discarded. 10 ml. of the 
ammonium sulfate solution were slowly added to the supernatant solution 
and the mixture was allowed to stand for 15 minutes. The precipitate 
was recovered by centrifugation and dissolved in Versene buffer (Ammo- 
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nium Sulfate III, 20 ml., 1 mg. of protein per ml.). The ratio of optical 
densities at 280:260 my of this preparation was 1.44. The supernatant 
solution (143 ml.) from the second precipitate was again treated with am- 
monium sulfate (15.5 ml.). The precipitate was collected by centrifuga- 
tion and dissolved in 10-3 m Versene (Ammonium Sulfate IV, 25 ml., 0.78 
mg. of protein per ml.). The ratio of the optical densities at 280:260 mu 
was 1.34. Ammonium Sulfate III, which was purified 200-fold over the 
crude extract (Table I), was used to determine the properties of the enzyme 
and to prepare the product for identification. The preparation was free 
from L-arabinose isomerase, phosphoketopentoepimerase (5), and trans- 
ketolase (6), but did contain a small amount of phosphoriboisomerase (7). 

Properties of L-Ribulokinase—The 204-fold purified preparation has been 


stored at —14° for 2 months with a 16 per cent loss in activity. After 


5 months the loss was 41 per cent. There was no significant loss in activity 
when the enzyme was diluted 10-fold in glass-distilled water or in Versene 
buffer and held for 1 hour at 37°. There was a slight loss in activity when 
the diluent was 10-? m NaGSH. The enzyme was inactivated during 
fractionation with acetone or alcohol at temperatures between 0° and —5°. 

Stoichiometry—Under conditions of the manometric assay, and with 
excess L-ribulokinase (100 units), the addition of three levels of L-ribulose 
(1.38 uwmoles, 2.76 umoles, and 4.14 umoles) resulted in carbon dioxide 
evolution, which upon completion in 10 minutes was, respectively, 91.7, 
89.2, and 83.7 per cent of that expected for one phosphorylation per ribu- 
lose. The lack of complete agreement is attributed to the instability of 
ribulose under these conditions. 

Effect of pH—In bicarbonate buffer phosphorylation proceeds maximally 
between pH 7.0 and 7.4 (Fig. 2). Above pH 7.5, the rate declines rapidly. 
Although a similar decline is observed below pH 7.0, the incomplete dis- 
sociation of the phosphoric acid group below pH 7.5 reduces the accuracy 
of these measurements (8). 

Activation and Inhibition—Preparations purified more than 50-fold were 
inactive in the absence of Versene or NaGSH (Fig. 3). However, other 
thiols such as cysteine and sodium thioglycolate were only slightly effective 
in activating the enzyme. The activation by Versene and glutathione 
may be attributed to the removal of metallic inhibitors and to the protec- 
tion of sulfhydryl groups. The enzyme, however, is apparently 10 to 
100 times less sensitive to heavy metals and p-chloromercuribenzoate 
(Table II) than is phosphoribulokinase of spinach (7). The data are not 
directly comparable, however, because different assay methods were em- 
ployed. 

The requirement for magnesium was evident even in the crude extracts. 
With the purified preparation no activity could be detected in the absence 
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of Mg*t*. Other divalent metals formed insoluble carbonates, and hence 
were not tested for their ability to activate the kinase. In the presence of 
glutathione, maximal activity was attained at 2.5 X 10-? m Mgt (Fig. 4). 
Since the enzyme was not inhibited by Mg** and since the addition of 
Versene to the assay system increased the metal requirement (Fig. 4), a 


uM per hour 


L-RIBULOKINASE | L-RIBULOKINASE 
OPTIMUM pH- HCO; BUFFER ACTIVATION by and VERSENE 
a 
VERSENE 
/e 
= | 
a 8 
\ 
= 
4 
5 2 
6.5 7.0 7.5 8.0 2 3 4 5 
pH uM per cup 
Fig. 2 Fia. 3 


Fic. 2. u-Ribulose phosphorylation as a function of pH. The conditions were 
as in Fig. 1, except that the bicarbonate content was varied to give the desired pH 
(8), and 10 units of L-ribulokinase were employed. To obtain the points shown, the 
pH was determined at the end of the experiment. 

Fic. 3. Activation of L-ribulokinase by Versene or glutathione. The conditions 
were the same as in Fig. 1, except that 10 units of L-ribulokinase were added and the 
concentrations of Versene or NaGSH were varied as indicated. 


large amount of Mgt* (100 wmoles) was added to each cup in the standard 
assay system. 

The phosphorylation product, L-Ru-5-P, partially inhibited phosphoryl- 
ation of L-ribulose. When 1.4, 7.0, or 20 umoles of L-Ru-5-P were added 
to the Warburg cups, the inhibition observed was 1.3, 3.9, and 13.8 per 
cent, respectively. 20 uwmoles of L-arabinose per cup did not affect the 
phosphorylation rate. 

Nucleotide Specificity—Of the four nucleotides tested, only ATP showed 
high activity. ADP and UTP at 20 umoles per cup did not serve as phos- 
phate donors and ITP was about 10 per cent as effective as ATP. The 


ice 
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maximal rate of phosphorylation with ATP was not attained even at 
concentrations as high as 0.04 m. Calculation of the Michaelis constant 


TaBLeE II 
Inhibition of t-Ribulokinase 
245 units of L-ribulokinase (0.1 ml.) were added to 0.9 ml. of inhibitor to give the 
concentration shown and held in an ice bath for 10 minutes. Aliquots were with- 
drawn for assay under standard conditions, as described in Fig. 1. 


Inhibitor Concentration Inhibition 
M per cent 
CuSO, 1 xX 10-4 70.6 
1 X 10-3 84.4 
2 X 10-3 94.0 
1 X 10°? 96.0 
Hg(acetate) 2 5 X 10-6 0 
5 X 10-5 55.5 
5 X 10-4 100.0 
5 X 10-3 100.0 
p-Chloromercuribenzoate 5 X 10-5 0 
5 X 10-4 8.7 
5 X 107-3 98.5 
1 X 10°? 100 
ATP MgClo 
8 
6 é 6 
v 
4 K.=2.9 x [ 3.1 4 
| 
2 VERSENE———2 
re) 
20 30 400 20 #430 80 


pM/mi 
Fic. 4. Effect of the ATP and MgCl. concentration upon the phosphorylation 
velocity. The reaction mixture was the same as in Fig. 1, except that 10 units of 
kinase were added and the concentrations of ATP or MgCl. were varied as shown. 


(K,) indicates that ATP and Mgt+ have equal affinities for the enzyme 
(Fig. 4). This suggests that the maximal rate of phosphorylation would 


of 
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be attained at concentrations of ATP equivalent to the concentration of 
Mgt (9). 

Substrate Specificity—The purified preparation phosphorylated both 
L-ribulose and p-ribulose (Fig. 5). The K, values were 5.7 X 10-4 m and 
1.4 X 10-* o, respectively, indicating that the affinity was greater for 
L-ribulose. Adonitol and L-arabitol were phosphorylated at 73 per cent 
and 40 per cent of the rate obtained with L-ribulose. The K, values were 
3.4 X 10-7 mM and 1.5 X 10-? M, reflecting the lower affinity of these penti- 
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+ 8 8 
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Z 
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Fic. 5. The kinetics of L-ribulose and p-ribulose phosphorylation. The reaction 
mixture was the same as in Fig. 1, except that 10 units of kinase were added and the 
concentrations of L-ribulose or p-ribulose were varied as shown. 


* 


tols for the kinase. p-Xylulose may have been phosphorylated at a very 
low rate. 

With 24 units of t-ribulokinase, the phosphorylation of erythritol, 
xylitol, p-arabitol, sorbitol, or dulcitol (30 umoles per cup) was not measur- 
able. Dihydroxyacetone, L-erythulose, L-xylulose, p-fructose, b-sorbose, 
and 2-ketogluconate (30 uwmoles per cup) were not phosphorylated, nor 
were the aldoses, pi-glyceraldehyde, p- or L-arabinose, b-ribose, p- or 
L-lyxose, D- or L-xylose, D- or L-galactose, D-glucose, b-mannose, D-allose, 
p-altrose, and L-fucose. 


Identification of Phosphorylation Product 


Preparation of Product (10)—The product of the phosphorylation reac- 
tion was prepared by mixing 80 umoles of Versene (pH 7.4), 100 umoles of 
NaGSH, 600 units of enzyme, 1000 umoles of ATP (pH 7.4), 2000 umoles 
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of MgCle (pH 7.0 to 7.4), and 1000 umoles of L-ribulose (volume = 20 
ml.). The pH was maintained at 7.2 to 7.4 by the periodic addition of 
0.1 N NaOH. Phosphorylation was usually complete in 6 to 8 hours. 

The phosphorylated sugar was separated from the reaction mixture by 
ion exchange chromatography (2, 11) as follows. The reaction mixture 
was diluted with 1 volume of water and applied to a Dowex 1 formate 
column (2.4 sq. cm. X 33cm.). The column was washed with water and 
eluted by gradient procedures. 500 ml. of 0.2 Nn formic acid, 1000 ml. 
each of 0.02 nN sodium formate in 0.2 Nn formic acid and 0.03 N sodium for- 
mate in 0.2 n formic acid, in that order, were run into a reservoir contain- 
ing 300 ml]. of water and then passed through the column. The elution 
rate was 2 ml. per minute; 12.5 ml. fractions were collected. An aliquot 
(0.4 to 0.1 ml.) from every fourth tube was then analyzed for pentose con- 
tent by the orcinol reaction (12). Two symmetrical peaks, the first small 
(after 100 ml. of 0.02 m sodium formate) and the second large (after 200 
ml. of 0.03 m sodium formate in 0.2 N formic acid), were located. These 
peaks were not present when the enzyme was omitted from the reaction 
mixture. 

The first peak was identified as adenylic acid. It possessed the same 
absorption spectrum (250:260 ratio = 0.87 and 280:260 ratio = 0.21 as 
compared to 0.84 and 0.22 for adenylic acid) and was eluted from the 
column at the same place as authentic adenylic acid. The second peak 
was identified as L-Ru-5-P as described below. The phosphorylated sugar 
was recovered as the barium salt by precipitation at pH 6.4 to 6.7 with 4 
volumes of ethanol. For identification of the sugar moiety, the barium 
was removed with ammonium sulfate, the phosphate group removed by 
incubation with acid phosphatase, and the free sugar recovered after 
deionization with a mixed bed of Amberlite IR-120(H+) and IR-45(OH-), 
as previously described (2). 

Identification of L-Ribulose-5-phosphate—The properties of the phos- 
phorylated product are summarized in Table III. In the cysteine-carba- 
zole reaction (13) both the phosphorylated sugar and the dephosphorylated 
sugar produced a red color with maximal absorbancy at 540 mu. The 
reaction with the dephosphorylated sugar was complete in 10 minutes, as 
is characteristic of ribulose rather than xylulose (14). 0.2 umole of the 
phosphorylated or dephosphorylated sugar held at room temperature for 
20 minutes in 1 Nn NaOH failed to produce a red color in the cysteine-car- 
bazole reaction. The rate of destruction and release of phosphate were 
almost as rapid with 0.5 n NaOH (Fig. 6). p-Ribulose and p-ribulose-5- 
phosphate also behave in this manner (7, 16). 

In the orcinol test for pentose (12), the phosphorylated product gave 
the spectrum depicted in Fig. 7. The ratio of absorbancy at 540:670 mu 
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varied from 0.32 to 0.36 with different preparations of L-Ru-5-P. With 
the dephosphorylated product the ratio of absorbancy at 540:670 mu was 
0.80% as compared to 0.85 to 0.89 for authentic L-ribulose (Fig. 7) (16, 17). 
In a reaction mixture (10 ml.) containing 2 umoles of phosphorylated prod- 
uct, 1 ml. of 0.5 per cent bromine, and 25 mg. of BaCOs, 6 per cent of the 
sugar was oxidized in 1 hour as determined by the orcinol reaction. Under 
similar conditions 98 per cent of R-5-P was oxidized. The observation 
that the phosphorylated product is not oxidized by bromine is in confirma- 
tion that the sugar is a ketose. 


TABLE III 
Properties of Phosphorylation Product 
Test p-Ru-5-P | Kinase product | u-Ribulose | 
Cysteine carbazole 
Maximal absorption, mu 540 540 540 540 
Development time, mzn. 10 10 
After 20 min. in N NaOH Negative) Negative Negative, Negative 
Orcinol, 540:670 mu 0.25 0. 26-0 .36 0.89 0.80 
Phosphate: pentose 1 1 
N H.2SOg, 90°, 120 min, per cent loss 98 
Periodate reduced per umole 2.0 2.0-2.3 
Specific rotation [a];’, degrees — 28.5 +28-(+31)) +16.6 


Paper chromatography 


Rr (phenol-H,O) 0.68 0.68 

Orcinol-TCA Brownish | Brownish 
gray gray 

Dimethylphenaline Rose Rose 


The dephosphorylated sugar migrated on a chromatogram developed 
with water-saturated phenol to give the same R, (0.68) and the same color 
reactions with the orcinol and dimethylphenaline sprays (2, 10) as L-ribu- 
lose. 

Treatment of the product with acid phosphatase produced 0.9 mole of 
inorganic phosphate per mole of L-ribulose. The rate of inorganic phos- 
phate formation in 1 N H:SO, at 90° parallels that for p-Ru-5-P (17) and 
is intermediate between fructose-1,6-diphosphate and fructose-6-phos- 
phate (Fig. 6). 1 umole of the phosphorylated product reduced 2 umoles 
of periodic acid, as would be expected of a pentulose phosphorylated at 
carbon atom 5 (Table IV) (18, 19). If the phosphorylated product were 
L-Ru-5-P, the two cis hydroxyls at carbons 3 and 4 should form an acidic 


‘It has since been observed that the ratio varies with the source and purity of 
the orcinol. 
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HYDROLYSIS 0.5N NaOH | HYDROLYSIS H,SO, 
90°C 
KETOSE DESTROYED 
> 
P< —-Ru-5-P 
= / F-6-P 
50 
a 
R-5-P 
e 
50 100 15O 150 


Fic. 6. The destruction of L-Ru-5-P by acid and alkali. 
(4 ml.) contained 10 wmoles of phosphate ester and 2 wmoles of sulfuric acid or po- 
After incubation at 90° for the acid treatment or at room tem- 
perature in alkali, aliquots were withdrawn at intervals and added to 1 ml. of ice- 
cold acetate buffer, pH 4.7. Inorganic phosphate was determined by the method of 
Fiske and Subbarow (15) and total phosphate by a wet ashing procedure. Ketose 


tassium hydroxide. 


MINUTES 


was determined by the cysteine-carbazole reaction (13). 
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Fic. 7. Absorption spectra of the phosphorylated and dephosphorylated sugar 
The broken lines represent the spectra obtained with au- 


in the oreinol reaction. 
thentic samples. 
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complex (20, 21) with borate as reported for p-Ru-5-P (17). Attempts to 
observe such a complex under a variety of conditions failed. However, 
the addition of borate to the phosphorylated product did reduce the amount 
of rotation as measured in the Keston polarimeter (2). 

The specific rotation was determined on the barium salt in 0.2 n HBr 
in a Rudolph polarimeter; the concentration was determined by the orcinol 
method for pentose. With aldopentose as a standard, the apparent pen- 
tulose content was multiplied by 1.7554 to compensate for the difference 
in extinction at 670 my. The specific rotations calculated from the ribu- 
lose content were [a[;’ +30.8° (c = 0.80) and +28.1° (c = 0.265). This 
compares with —28.5° calculated from — 40° reported for p-Ru-5-P 


TaBLE IV 
Oxidation of Sugars with Periodate 


The periodate reduced at room temperature was determined at intervals on 5 ml. 
aliquots of a reaction mixture with sodium arsenite and 0.02 N iodine (24). The re- 
action mixture (30 ml.) contained 600 ;:moles of potassium periodate, 200 umoles of 
sulfuric acid, and either 15 wmoles of fructose, 30 umoles of ribose, or 60 umoles of the 
other phosphorylated sugars. 


Periodate reduced per umole substance, wmoles 
Substance 
2 hrs. 41 brs. Theoretical 

D-Fructose............... 4.2 4 
3.8 4 
p-Ribose-5-PO,........... 2.6 2.7 3 
p-Ribulose-5-PO,......... 1.7 2.0 2 
Reaction product........ ; 2.0 2.3 


(7, 17). The new value results from the use of the factor 1.755 rather 
than 1.25 to obtain the ribulose value from an aldopentose extinction co- 
efficient. Thus in correcting for the difference in molecular weight due to 
the phosphate group (150:230), the specific rotation of L-Ru-5-P is [a]; 
+20°. The phosphorylation product is therefore believed to be L-Ru-5-P. 


DISCUSSION 


Extracts of A. aerogenes grown on D-xylose are devoid of L-ribulokinase. 
Hence L-ribulokinase, like L-arabinose isomerase, appears to be an inducible 
enzyme. If the 200-fold purified preparation contains a single kinase, its 
specificity is unique in that the enantiomorph of the true substrate and two 
polyols, adonitol and L-arabitol, as well as L-ribulose, is phosphorylated. 
The kinase apparently requires a 5-carbon ketose or pentitol with cis hy- 


4 Private communication, Dr. B. L. Horecker. 
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droxyl groups adjacent to one of the terminal hydroxyl groups. p-Arabitol, 
which fulfils these requirements, was not phosphorylated, however. Thus, 
it is possible that a second kinase is present which phosphorylates p-ribu- 
lose. Data are not available as to whether the ratio of activity on L- 
ribulose to D-ribulose is constant throughout the purification. 

The phosphorylation of L-ribulose is the second step in the pathway of 
L-arabinose dissimilation, the first being the isomerization of L-arabinose 
to L-ribulose (1, 2). The next step in the process has been considered to 
involve a conversion of L-Ru-5-P to a p-pentose phosphate (2, 10). In 
support of this hypothesis an enzyme has been found in extracts of this 
organism which converts L-Ru-5-P into p-xylulose-5-phosphate (22, 23). 


SUMMARY 


An inducible enzyme that catalyzes the phosphorylation of L-ribulose 
in the presence of adenosine triphosphate and Mg** has been purified 
200-fold from extracts of Aerobacter aerogenes. The enzyme preparation 
can also phosphorylate p-ribulose, adonitol, and L-arabitol. The phos- 
phorylation product has been isolated and the sugar moiety identified as 
ribulose by its behavior in the orcinol and cysteine-carbazole reactions, 
by its chromatographic behavior and resistance to oxidation with bromine. 
On the basis of the amount of periodate reduced by t-ribulose-5-phosphate 
(L-Ru-5-P) and the similarity of L-Ru-5-P to p-Ru-5-P in regard to stabil- 
ity in acid and alkali, the phosphate group is attached to carbon atom 5. 
These facts, together with the observation that the specific rotation is equal 
and opposite that reported for p-Ru-5-P, indicate that the product of the 
phosphorylation is L-Ru-5-P. 


We are indebted to Mrs. B. B. Kitch for her technical assistance and 
to Dr. M. J. Wolin for his numerous helpful suggestions. 
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STUDIES OF ONE-CARBON METABOLISM IN MAN 


By LAURANCE D. GOODWIN*f anp JOHN M. KINNEY*} 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, July 8, 1957) 


Although one assumes that the reactions of 1-carbon metabolism (1-3) 
take place in man, there have been few direct investigations of these events 
in the human species. That transmethylation occurs in man was demon- 
strated in this laboratory through the use of deuteriomethyl-labeled 
methionine (4). More recently, the ability of human liver slices to in- 
corporate formate into histidine (5), as well as to effect the conversion 
of glycine to serine (6), has been reported. Uric acid synthesis from 
formate was observed in normal and gouty subjects (7). 

In the present study of this phase of human metabolism, it was desired 
to compare the fate of preformed methyl groups with the fate of a com- 
pound chemically similar, and metabolically closely related, to 1-carbon 
intermediates. Methionine was an obvious choice for study as an impor- 
tant dietary source of labile methyl groups; formate was chosen from the 
various non-amino acid precursors of 1-carbon units. 

A joint investigation of several subjects after the administration of 
labeled methionine or formate has been carried out by Dr. L. Hellman 
and Dr. M. L. Ejidinoff of the Sloan-Kettering Institute for Cancer Re- 
search,! and the Department of Biochemistry, Cornell University Medical 
College. The Sloan-Kettering group undertook independently the study 
of respiratory CO», urea and uric acid, total plasma protein, heme, globin, 
and cholesterol. These results will be reported separately. The atten- 
tion of the Cornell laboratory has been directed to the interconversions of 
amino acids of plasma proteins and to creatinine. 


* Atomic Energy Commission Postdoctoral Fellow of the National Research 
Council. 

t Special Research Fellow of the United States Public Health Service. Present 
address, Department of Biochemistry, School of Medicine, Western Reserve Uni- 
versity, Cleveland, Ohio. 

t Present address, Department of Surgery, Peter Bent Brigham Hospital, Boston, 
Massachusetts. 

1 We wish to acknowledge the helpful interest of Dr. Rulon W. Rawson, Chief, 
Division of Clinical Research, Sloan-Kettering Institute for Cancer Research. 
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EXPERIMENTAL 


Three men hospitalized in the metabolic ward of the James Ewing 
Hospital Unit of Memorial Center? were studied (Table I). At that time 
each was in good general condition and was ambulatory. There was no 
anemia or evidence of abdominal visceral disease. The subjects were in a 
relatively good state of nutrition and were maintained on the regular 
hospital diet. 


TABLE 
Clinical Data, Labeled Compound Administered, and Blood Samples Taken for Analysis 


Blood Protein 


Subject Age Diagnosis Isotopic dose drawn at | sample No 


yrs. hrs. 
M-I 70 Osteosarcoma Methionine 6 


M-II 69 Thyroid carcinoma Methionine 1 


F 41 Lipomatosis Formate 


The isotopic material* dissolved in water was given by mouth 20 minutes 
before lunch. Two subjects received 200 uc. of 1L-methionine-C"H; 
(256 and 211 mg. of amino acid); the third dose consisted of 200 uc. of 
sodium formate-C" (13 mg.). The isotopic methionine was prepared from 
S-benzyl-L-homocysteine (8) with methyl iodide obtained from Tracerlab, 
Inc. Formate-C'* was purchased from Technical Associates, Burbank, 
California. 

Plasma proteins were precipitated with hot ethanol-acetone (1:1) 
and were washed with three portions of the mixture. From Subject M-I 
frequent small blood samples had been drawn. ‘To provide protein samples 
large enough for analysis, it was necessary to combine two or three of these. 

2 Dr. Joseph H. Burchenal’s assistance with the clinical arrangements is grate- 


fully noted. 
3 Authorization for the use of radioactive substances in this study was obtained 


from the Atomic Energy Commission. 
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The composition of the pooled samples for Subject M-I is shown in Table 
I, as well as the intervals between administration of the isotopic material 
and venipuncture for the other protein samples. 3 to 4.5 gm. of dried 
plasma protein were thus available in each sample. 

The powdered proteins were washed on a Biichner funnel with 1 Nn HCl 
until the washings became free from Na by flame test. This step avoids the 
introduction of excessive inorganic cation into the volatile buffer systems 
used subsequently. Hydrolysis was carried out with 6 n HCl under N2 in 
sealed flasks by autoclaving at 15 pounds. It was recognized that the 
presence of glycoprotein components would result in some amino acid 
destruction during hydrolysis (9). 

Amino acids were isolated by preparative scale ion exchange chroma- 
tography by employing ammonium buffers (10).4 Amino acid fractions 
could readily be distinguished from fractions containing only ammonium 
salts by spotting on paper and development with ninhydrin. To separate 
methionine cleanly from leucine and isoleucine, it was converted to the 
sulfoxide (11), and the mixture was chromatographed on a 7.5 X 15 cm. 
column of Dowex 50 with formate buffer of pH 3.1 containing ethanol 
(10). A steam-heated circulating evaporator after the design of Mitchell 
et al. (12) conveniently reduced the large effluent volumes. 

Paper chromatograms of the recrystallized amino acids confirmed their 
identity and showed the absence of ninhydrin-reacting contaminants. 
There was insufficient C' to permit radioautography. The amounts of 
amino acids obtained ranged from about 40 to several hundred mg., with 
the exceptions of methionine sulfoxide (6 to 20 mg.) and cystine (0 to 12 
mg.). 

Creatinine was isolated from 6 to 24 hour urine collections or from 
filtrates after charcoal adsorption of urine, as the potassium picrate (13). 
The double salt was assayed by the Jaffe reaction. 

For measurement of radioactivity, alcoholic slurries of amino acid 
or creatinine potassium picrate were dried on aluminum planchets. All 
samples were counted in a windowless flow counter. Self-absorption 
corrections were calculated from a curve determined for BaCOQ;. Some 
samples were also subjected to combustion and the CO, counted in the gis 
phase (14) against calibrated standards. The ratio of disintegrations 
per minute per mmole thus measured to counts per minute per mmole 
determined by solid counting was 2.77. 


RESULTS AND DISCUSSION 


After ingestion of the labeled compounds, isotope appeared rapidly in 
respiratory CO2 and urea,® in uric acid® and creatinine (Fig. 1), and in 


‘We are indebted to Dr. Hirs, Dr. Moore, and Dr. Stein for their advice. 
> Hellman, L., and Eidinoff, M. L., personal communication. 
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the amino acids of plasma protein (Table II). The high specific activities 
of the methionines isolated from the subjects receiving methionine are 
considered to represent administered amino acid directly incorporated 
into peptide bonds. Radioactivity in any of the other amino acids exam- 
ined is the result of interconversions proceeding normally in man. The 
findings herein reported for the human are generally consistent with the 
usual metabolic pathways established in other mammalian studies. 


28,000 fF 
M-i 
uy 16,000 
12,000 
8,000 
z 4,000 
F 
O 1 i 1 1 1 
2 4 6 8 10 14 16 ig 20 
‘DAYS 


Fic. 1. Specific activity of urinary creatinine after ingestion of isotopic methi- 
onine (Subjects M-I and M-II) or formate (Subject F). At 42 days, the specific 
activity of creatinine of Subject M-II was found to be 11,950 ¢.p.m. per mmole. 


In these experiments the role of serine is central, not only due to its 
relationship with l-carbon compounds and glycine, but also because its 
carbons are distributed to other amino acids (3, 15). Serine at each time 
had a specific activity second only to methionine. It is of interest that at 
4 hours serine (Subject M-II, Sample 2, versus Subject F) had incor- 
porated about 17 times as much isotope from methionine methyl carbon 
as from formate, whereas at 24 hours uric acid labeling from methionine 
was one-third that from formate.’ Methionine methyl appears to be a 
more direct source of the precursor of the B-carbon of serine than does 
formate, while the converse applies to the precursor of carbons 2 and 8 
of purines. This suggests that the methyl group of methionine, in its 
conversion to the hydroxymethyl! of serine, is not first oxidized to free 
formate or an immediate derivative; however, uncertainties about pool 
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sizes and rates of reactions in such a complex system make interpretation 
difficult. Comparable data have been reported in a study of the synthesis 
of deoxyribonucleic acid thymine and purines from methionine and formate 
(16). Methionine may of course be a good source of formate (17, 18). 
Such findings must be rationalized in terms of possible structures of active 
cofactors for serine and purine biosynthesis: hydroxymethyl derivatives 
(19) of 5,6,7,8-tetrahydrofolic acid, in activated or bound form, related 
to serine, formaldehyde, and methionine methyl on the one hand, and 


TABLE II 
Specific Activities* of Amino Acids of Plasma Protein 
Subject M-I Subject M-II Subject F 
Amino acidt Methionine fed Methionine fed Formate fed 
Sample 1 Sample 2 | Sample 3 | Sample 4 | Sample 1| Sample 2 | Sample 1 
(12 hrs.)f (32 hrs.)} |(10 days)f |(19 days) | (1 hr.)t (4 hrs.)t (4 hrs.)t 
Alanine.......... 420 313 188 135 293 724 23 
Arginine-HCl.... 212 138 83 112 55 
Aspartic acid. ... 443 374 223 168 147 493 97 
Cystine.......... 8,780 7,645 | 4,440 11,325 
Glutamic acid.... 553 485 312 236 176 701 89 
Glycine.......... 157 120 92 80 37 243 57 
Methionine sulf- 
ee 275,000 | 155,000 | 85,000 | 52,000 | 68,000 | 144,000 817 
8,105 5,435 2,975 2,400 4,340 10, 430 586 


* The values given are counts per minute per mmole of amino acid. 

t Histidine, isoleucine, leucine, lysine, phenylalanine, proline, threonine, tyro- 
sine, and valine were non-radioactive in all of the samples. 

t The interval between ingestion of labeled material and withdrawal of blood is 
shown for Subjects M-II and F. The composition of protein samples for Subject 
M-I is described in the text and in Table I. 


interconvertible with formyltetrahydrofolate derivatives (20), which in 
turn are in relationship to inosinic acid and formate. 

The C" in the cystines after methionine feeding was surprisingly high, 
the isotope per cysteine residue being more than half that of the correspond- 
ing serine. In conjunction with the demonstration that the sulfur of 
methionine-S** (21) and cystathionine-S** (22) appeared in the cystine of 
urine and hair of a woman with cystinuria, the present observation is 
confirmatory evidence for the route of synthesis of cysteine (23) in the 
human. 

Most of the isotope of alanine is accounted for by the conversion of 
serine to pyruvate (24, 25), with which alanine is in equilibrium via trans- 
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amination. It is probable that a secondary contribution comes from the | 
isotope of cysteine. The formation of pyruvate from cysteine has been ) 
shown in liver extracts (human liver was midway in activity among the | 


species reported (26)), and from a study of cystine-3-C" in the rat Arnstein 
and Crawhall concluded that it is the major pathway of catabolism (27). 
Glutamic and aspartic acids had radioactivities comparable to alanine, 


a result explained by the entry of predominantly methyl-labeled acetate | 
into the tricarboxylic acid cycle (27-29). This may also be reflected | 


in arginine (29-31); CO» fixation would label the amidine carbon as well. 


That the location of the tracer in serine and cysteine is almost entirely } 
the 6 position is manifested by the insignificant radioactivity of glycine } 
(cf. (15)). In rats, limited isotope in glycine is noted after formate (29) | 


or B-labeled serine (25, 32). Indirect routes have been defined (3), dis- 
tributing the 8-carbon through ethanolamine and glycolaldehyde to the 
methylene carbon of glycine, or through ethanolamine and choline to the 


glycine carboxyl. However, in vivo, only small amounts of glycine seem to | 


be formed by these pathways (3). 
After the feeding of formate, isotope incorporation into amino acids 
was low except for methionine and serine. Because of its considerably 


greater abundance, serine contains the bulk of the uptake. The finding of | 


C" in methionine is presumptive evidence that methyl synthesis occurs in 
the human as in experimental animals (33). Replacement of this moiety of 
methionine took place while the subject ate a normal diet, supplying pre- 
formed methyl groups. In rats, the presence of methionine and choline 
in the diet markedly reduced the extent of de novo synthesis of methyl 
groups from formate (34). 

The lack of significant radioactivity after either precursor was expected 
in those amino acids which Rose and coworkers have shown to be dietary 
essentials for nitrogen equilibrium in adult man (35). However, it had 
been thought that some tracer might be found in histidine, in view of the 
dispensable nature of this amino acid in the human diet (36), and the report 
that human liver slices incubated with formate-C" produced a labeled 
compound identified as histidine (5). The rat, for which this amino acid is 
a dietary essential, did not incorporate formate carbon into histidine (29). 
Jaenicke’s observation, that 10-C'*-formyltetrahydrofolic acid in a pig 
liver extract system transfers its label to histidine as well as to serine and 
purines (20), is of interest. In regard to proline, our results are indecisive 
as to the existence in man of a synthetic pathway involving intermediates 
derived from glutamic acid and ornithine (30, 31). 

Urinary Creatinine—The importance of creatinine in metabolic studies 


arises from the demonstration that, in the absence of dietary creatine 
and creatinine, the isotopic concentration of urinary creatinine at a given 
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time is equal to that of body creatine. This relationship has been shown 
with N'5 (13) and with deuterium- or C'*-labeled methyl groups (37). That 
the precursors of creatine in man are identical to those well documented in 
animal studies is substantiated by several lines of evidence. Borsook 
et al. (38) found that urinary excretion of guanidinoacetic acid is increased 
by the simultaneous administration of glycine and arginine. Significant 
labeling of creatinine follows ingestion of isotopic glycine (39, 40), guani- 
dinoacetic acid (41), or methionine (4). 

The isotope in the creatinines of the methionine subjects increased 
rapidly for 1 or 2 days and then was seen (Fig. 1) to reach a plateau main- 
tained in the one instance through the 3rd week. These results are strik- 
ingly similar to those of Roche and colleagues with glycine (39). Later, 
a decline in creatinine labeling had begun (legend, Fig. 1). 

The fraction of body creatine synthesized and excreted as creatinine 
per day is about 1.5 per cent (41). There will be a net accumulation of 
isotope in body creatine as long as newly synthesized creatine is of higher 
specific activity, but a period will then follow during which the amount of 
isotope lost per day in creatinine will just balance that gained from newly 
formed creatine. This condition for a plateau value for urinary creatinine, 
viz. that specific activities of body creatine and newly synthesized creatine 
be equal, depends upon the maintenance of isotope in the precursors of 
creatine. Table II shows that the contribution of tracer from glycine and 
arginine at any time is negligible and that only methionine or a derivative 
has sufficient isotope. Furthermore, the requisite concentration is seen 
to persist in methionine 19 days after ingestion. These findings with 
carbon-labeled methionine are consonant with the occurrence of trans- 
methylation in the human and confirm the earlier results with deuterio- 
methyl methionine (4). 

In metabolic studies it is assumed that, with respect to isotope concen- 
tration, amino acids of plasma protein provide a fair index of the amino 
acids entering synthetic processes. Creatinine data allow a test of this 
assumption. Since under these experimental conditions the specific 
activity of newly synthesized creatine is in effect that of the immediate 
methyl donor (presumably S-adenosylmethionine (42)), an estimate of 
this methyl donor is given by the plateau value of creatinine. This quan- 
tity is 28,000 c.p.m. per mmole for Subject M-I. The corresponding value 
for plasma protein methionine is the specific activity of the 19 day sample, 
52,000 c.p.m. per mmole. As was mentioned, no special diet was imposed 
in these experiments, doubtless resulting in some decrease in the specific 
activity of creatinine. The effect of dietary creatinine would be simple 
dilution, whereas dietary creatine may diminish creatine synthesis (41). 

The observations of Benedict et al. (40), pointing to non-uniform isotopic 
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labeling in a single compound entering metabolic reactions in a single 
organ, are pertinent. These workers studied the origin of urinary creatine 
in two cases of progressive muscular dystrophy by use of glycine-N" 
and found the isotopic enrichment of the sarcosine portion of creatine to 
be consistently 2 to 3 times that of simultaneously excreted hippuric acid. 
They considered this to be ‘‘evidence of inhomogeneity of the glycine of 
liver available for synthetic processes” (40). Although unfortunately our 
data cannot be applied to a parallel analysis of liver methionine, urinary 
creatinine studies with the necessary control of diet would provide another 
experimental approach to the problem applicable to the non-dystrophie 
subject. 

The level of C" in creatinine in the instance of formate administration 
seems commensurate with that of the amino acids of plasma protein in 
this individual. 


We wish to express our great appreciation to Professor Vincent du 
Vigneaud for his unfailing encouragement and counsel and for the generous 
support of this work. Dr. Julian R. Rachele’s many valuable contributions 
are acknowledged with thanks. We are grateful to Dr. William J. Cathey 
for his assistance. Weare indebted to Dr. Leon Hellman and Dr. Maxwell 
L. Eidinoff for their cooperation. 


SUMMARY 


Methionine-C"H;, as a prime source of labile methyl groups, was ad- 
ministered to two men, and formate-C™, a non-amino acid source of 
l-carbon units, was given to a third subject. Amino acids were isolated 
by ion exchange chromatography from total plasma protein samples, and 
creatinine was obtained from serial urines. Of the seventeen amino acids 
isolated, methionine, serine, cystine, alanine, glutamic and aspartic acids, 
glycine, and arginine displayed significant radioactivity. The interrela- 
tions represented by these and other compounds examined, involving 
1-carbon and amino acid metabolism, are discussed; in general, the pathways 
indicated in the human are consistent with those already established in 
mammalian studies. 

Evidence is presented for the occurrence of methyl synthesis in man. 
l-carbon intermediates derived from methionine and formate are readily 
incorporated into serine. The labeling of creatinine provides further 
evidence for transmethylation as a physiological process in man. 
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GLUCOSAMINE METABOLISM 


III. PREPARATION AND N-ACETYLATION OF CRYSTALLINE 
p-GLUCOSAMINE- AND v-GALACTOSAMIN E-6-PHOSPHORIC 
ACIDS* 


By JACK J. DISTLER, JOSEPH M. MERRICK,f anp SAUL ROSEMAN 


(From the Rackham Arthritis Research Unit and the Department of Biological 
Chemistry, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, August 19, 1957) 


Recent studies in this laboratory, concerned with hexosamine metab- 
olism, required Gm-6-P,' Galm-6-P, and their respective N-acetyl deriva- 
tives. Several methods are available for the preparation of Gm-6-P, 
but there appears to be no previous report of Galm-6-P, although an 
acid-stable Galm-P has been isolated from cartilage (4). 

Earlier reports indicated that hexokinase and ATP would phosphorylate 
Gm (5, 6). The product was isolated (7) as an unstable, amorphous 
barium salt, and evidence was presented that this material was Gm-6-P, 
although it was shown to contain at least two components (8, 9). 

Chemical procedures for the preparation of Gm-6-P have also been 
described. Direct phosphorylation of Gm with polyphosphoric acid was 
initially used (10, 11) but yielded impure material (12). Two recent 


* Preliminary reports have been presented (1-3). The Rackham Arthritis Re- 
search Unit is supported by a grant from the Horace H. Rackham School of Graduate 
Studies of the University of Michigan. This investigation was supported in part by 
a grant (No. A-512) from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, and a grant from the Michigan Chapter, Arthritis and 
Rheumatism Foundation. 

t Predoctoral Fellow, Arthritis and Rheumatism Foundation. 

1Gm = glucosamine = 2-amino-2-deoxy-p-glucose; Galm = galactosamine = 
2-amino-2-deoxy-p-galactose; N-Ac-Gm = N-acetylglucosamine = 2-acetamido-2- 
deoxy-p-glucose; N-Ac-Galm = WN-acetylgalactosamine; Gm-6-P = glucosamine 
6-phosphate; Galm-6-P = galactosamine 6-phosphate; N-Ac-Gm-6-P = N-acetyl- 
glucosamine 6-phosphate; N-Ac-Galm-6-P = N-acetylgalactosamine 6-phosphate; 
P = inorganic phosphate; ATP = adenosine triphosphate; Versene is the disodium 
salt of ethylenediaminetetraacetic acid; Dowex 50 = a strong cationic exchange 
resin, a monofunctional, sulfonated copolymer of styrene and divinylbenzene; 
Dowex 1 = a strong basic resin of the quaternary ammonium type with three methyl] 
groups per N atom and is prepared from polymerized styrene cross-linked with di- 
vinylbenzene (Dow Chemical Company, Midland, Michigan); G-1,6-diP = glucose 
1,6-diphosphate; G-6-P = glucose 6-phosphate; UDPG = uridine diphosphoglucose ; 
UDPGal = uridine diphosphogalactose; UDPAGm = uridine diphosphoacetylglu- 
cosamine; UDPAGalm = uridine diphosphoacetylgalactosamine; Tris = tris(hy- 
droxymethyl)aminomethane. 
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reports offer methods which involve condensation of Gm derivatives with 
diphenylchlorophosphate, with subsequent removal of the protective 
groups yielding the desired Gm-6-P?. The method of Maley and Lardy (8) 
gave Gm-6-P, which was homogeneous as indicated by paper chromatog- 
raphy and acted as a substrate for yeast N-acetylase (13). Enzymatically 
prepared Gm-6-P was more effective than the synthetic material as sub- 
strate for phosphoglucomutase (8, 14). The method of Anderson and 
Percival (12) yielded a crystalline, hydrated free acid. Enzyme studies 
with this material have not yet been performed.” 

The present report offers modifications of the enzymatic and polyphos- 
phoric acid techniques which permit the isolation of anhydrous, crystalline 
Gm-6-P in gm. quantities. Galm-6-P was obtained in a similar manner, 
with use of the polyphosphoric acid method. A general procedure for 
the N-acetylation of hexosamines (15-17) yielded the respective N-acetyl 
derivatives. 


EXPERIMENTAL 


Polyphosphoric Acid Method for Gm-6-P and Galm-6-P Preparation—The 
principle of this method is similar to that originally used for the prepara- 
tion of G-6-P (18). 240 gm. of polyphosphoric acid (Victor Chemical 
Works; ortho equivalent 115 per cent) were stirred in an ice bath while 
24 gm. of ice were slowly added. When the temperature of the mixture 
was below 5°, 120 gm. of finely powdered Gm-HCl (Pfanstiehl Chemical 
Company) or Galm-HCl (15) were added. The mixture was stirred at 
room temperature for 1 hour, and at 37° for 15 hours. Ice water (600 ml.) 
was added and the solution was adjusted to pH 6.5 to 7.0 by the addition 
of approximately 300 gm. of sodium carbonate. Ice water (1200 ml.) 
was immediately added, and, after standing in ice for 4 to 5 hours, the 
mixture was filtered and the residue washed with small quantities of ice 
water. The combined washings and filtrate (approximately 2 liters) 
were refluxed for 18 hours with 300 ml. of 48 per cent hydrobromic acid 
solution. The dark mixture was treated twice with 15 gm. of Darco G-60 
carbon (10 minute reflux each) and yielded a light yellow filtrate. The 
solution was neutralized with excess barium carbonate and filtered, and 
the crude barium salts were precipitated from the filtrate by the addition 
of 3 volumes of 95 per cent ethanol. After centrifugation, the barium 
salts were washed three times with 70 per cent ethanol. Three extractions 
of the residue were performed (100 to 200 ml. of water each time) with 
vigorous stirring for periods of 1 hour each. The turbid extract was 
clarified by the addition of the minimal volume of water and yielded a 
yellow or orange solution. Color and inorganic contaminants were 


2 Personal communication from Dr. E. Percival. 
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removed by shaking the solution for 2 hours with 75 ml. of mixed bed 
ion exchange resin.* Since removal of the colored material at this stage 
Was critical, it was occasionally necessary to filter the mixture and add 
small amounts of fresh resin to the solution. After filtration and washing 
of the resin, the filtrate (about 900 ml.) yielded negative tests for barium, 
chloride, and phosphate ions. Acetone was added (from 1 to 3 volumes) 
until the appearance of a faint but persistent turbidity. In the case 
of Galm-6-P, crystals formed immediately; Gm-6-P crystallized after 
about 1 week at room temperature. The yields of first crop material were 
5.5 gm. of Galm-6-P and 3.2 gm. of Gm-6-P. Addition of acetone to the 
mother liquors gave about 0.1 gm. of Galm-6-P and 1 to 2 gm. of Gm-6-P. 
The second crops were indistinguishable from the first. The crystalline 
compounds can be used directly for enzyme studies. Recrystallization 
for analysis was effected by dissolving the compounds in water and adding 
either methanol or acetone until the appearance of a faint turbidity. The 
sumples were dried in vacuo at room temperature over phosphorus pent- 
oxide. CsgHyOsNP. Calculated, C 27.81, H 5.45, N 5.41, P 11.95; 
found (Gm-6-P), C 27.64, H 5.55, N 5.48, P 11.92; (Galm-6-P) C 27.90, 
H 5.46, N 5.40, P 11.94. 

Inorganic P was not detected in the samples. Gm-6-P melted with 
decomposition between 160—167° (uncorrected). Galm-6-P decomposed 
at approximately 200°. Although Gm-6-P is readily soluble in water, 
difficulty was encountered in preparing solutions of Galm-6-P of a higher 
concentration than 0.005 M at room temperature. The optical rotations 
were as follows: Gm-6-P [a]? +56.0°, changing to +58.8° (equilibrium 
value; 5 per cent solution in water); Galm-6-P [a]? +57.8° (equilibrium 
‘alue; 0.1 per cent solution in water). Previous reports for [a], of Gm-6-P 
range between +48.5-+58°. One component was observed when Gm-6-P 
and Galm-6-P were examined by paper chromatography® and paper 
ionophoresis. Both compounds are unstable above pH 7. The crystalline 
forms of the compounds are indicated in Figs. 1 and 2. Gm-6-P forms 
clusters of needles when crystallization is slow. 

The hexosamine phosphates were compared with the hexosamines by 
various colorimetric methods. The color values obtained with equimolar 


‘The resin was prepared by mixing equal volumes of Dowex 50, H* and Dowex 
1, bicarbonate form (both resins were 20 to 40 mesh, 8 per cent cross-linked). A con- 
siderable swelling occurs on mixing the resins and the 75 ml. volume refers to the 
mixture. 

4 Elementary analyses were performed by the Spang Microanalytical Laboratory, 
Ann Arbor, Michigan. 

5 Paper chromatography of Gm-6-P was performed through the courtesy of Dr. 
Frank Maley. The crystalline product exhibited the same R, as did the synthetic 
sample previously described (8). 
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concentrations of Gm-6-P as compared with Gm (100 per cent) were as 
follows: ferricyanide reducing sugar method (19) 65 per cent; arsenomolyb- 
date reducing sugar method (20) 86 per cent; acetylacetone hexosamine 
method (21) 100 per cent. Comparison of Galm-6-P and Galm (100 per 
cent) indicated the following: ferricyanide reducing sugar method 74 per 
cent; arsenomolybdate reducing sugar method 100 per cent; and acetylace- 
tone hexosamine method 100 per cent. 

Enzymatic Preparation of Gm-6-P—A solution containing 1.75 mmoles 
of ATP, 1.20 mmoles of Gm HCI, 1.52 mmoles of MgCl., and 2.52 mmoles 


Fig. 1 Fig. 2 
Fre. 1. Crystals of Gm-6-P from water-acetone mixture. Fragility of the crys- 
tals prohibited the use of a cover slip; (X 25). 
Fig. 2. Galm-6-P from water-acetone mixture; (X 25). 


of sodium barbiturate in 35 ml. of water was adjusted with KOH to pH 
8.0. Yeast hexokinase (11 & 10? units; Fraction 3a (22)) was added, and 
the mixture was incubated at 30° for 1 hour. The solution was placed in 
an ice bath and was treated with 2.5 ml. of glacial acetic acid and 10 ml. 
of 1 M neutral lead acetate solution. The mixture was centrifuged at 3°, 
and the residue was washed with 15 ml. of 0.01 mM lead acetate solution. 
The combined supernatant fluids were treated with HS, filtered, and 
aerated. The turbid, gray filtrate was shaken ten times with equal volumes 
of ether to remove barbituric acid. Analysis at this point for hexosamine 
before and after Ba(OH)2-ZnSO, precipitation (7) indicated the presence 
of 1.04 mmoles of Gm-6-P and 0.02 mmole of Gm. The mixture was 
diluted to 100 ml., and aliquots were tested to determine the optimal 
quantity of mixed bed ion exchange resin’ necessary for the next step since 
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an excess of resin will adsorb Gm-6-P. In this experiment, 70 ml. of the 
mixture were shaken with 17.5 ml. of the resin. Acetone was added to 
the filtrate to the appearance of a faint opalescence. After 2 weeks at 
room temperature, 125 mg. of crystals were obtained. The crystals were 
dissolved in 2.0 ml. of water, a small amount of insoluble material was 
removed by centrifugation at 16,000  g, and 1 ml. of anhydrous methanol 
was added. After 1 week in the refrigerator, a small amount of amorphous 
material was removed by centrifugation, and | ml. of methanol was again 
added to the supernatant fluid. After 2 weeks at 2°, a hard crystalline 
mass had deposited. An additional recrystallization was readily effected 
with water and acetone. The product was analyzed found, C 27.73, H 
5.51, N 5.88, P 1191. 

Comparison of Crystalline Products—The crystals isolated from the 
chemical and enzymatic reactions were compared by an x-ray powder 
diffraction technique® and by their infrared absorption characteristics. 
The x-ray patterns of Gm-6-P and Galm-6-P are indicated in Figs. 3 and 
4. The Gm-6-P obtained enzymatically yielded the same infrared pattern 
as that prepared chemically. 

Periodate Studies with Gm-6-P and Galm-6-P—Oxidation with periodate 
was used to determine the position of the phosphate group. In these 
experiments, Gm, Galm, and the crystalline Ba salt of glucose 6-phosphate 
were used as model compounds. Gm and Galm exhibit anomalous be- 
havior with periodate except under carefully controlled conditions (23). 

Recent reports (24, 25) indicated that G-6-P was oxidized by periodate 
in the hemiacetal form with the consumption of 3 moles of periodate per 
mole of G-6-P. A> spectrophotometric method for following periodate 
disappearance was suggested; the conventional titrimetric methods were 
considered inaccurate with sugar phosphate derivatives. Other studies 
(7) in which oxidation was followed with a titrimetric method indicated 
that 4+ moles of periodate were consumed per mole of G-6-P. The spectro- 
photometric and arsenite titrimetric (26) methods were therefore compared. 
With mannitol, a substance which is rapidly oxidized, the two methods 
agreed and indicated essentially complete oxidation at the end of 30 
minutes. With substances which react more slowly, like G-6-P or Gm, 
agreement Was not as satisfactory (Fig. 5). In view of the data presented 
below, the titrimetric method was considered more reliable and further 
oxidations were followed with the arsenite procedure. The results obtained 
with Gm, Galm, G-6-P, and Galm-P are presented in Fig. 6. The rate of 
oxidation of Gm-P and Galm-P parallels that of Gm and Galm, but the 


* The x-ray powder diffraction patterns were obtained with the aid of Dr. Christer 
Kk. Nordman and Dr. Edward A. Meyers, Chemistry Department, University of 
Michigan 
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net consumption of periodate after 24 hours is equivalent to that obtained 
with G-6-P, z.c. 3.9 umoles of periodate per umole of hexosamine phosphate. 
Formaldehyde was isolated as its dimedon derivative (27) from the Gm 


Fic. 3 Fia. 4 
Fig. 3. X-ray powder diffraction patterns obtained with Gm-6-P prepared en- 
zvymatically (left) and chemically (right). 
Fic. 4. X-ray powder diffraction patterns of Galm-6-P. 


and Galm reaction mixtures, but none was detected in the G-6-P, Gm-P, 
or Galm-P reaction mixtures. 

Definitive evidence that the hexosamine phosphates are the respective 
6-phosphates would be isolation of glycolaldehyde phosphate, the expected 
product of periodate oxidation. Mixtures containing the following com- 
ponents in 50 ml. of solution were prepared: 1.00 mmole of the substance 
to be oxidized, 14 mmoles of sodium metaperiodate, 20 mmoles of acetate 
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buffer (pH 4.54). Oxidations were conducted for 24 hours at 2-3° with 
G-6-P, Gm-P, Galm-P, and sodium a-glycérophosphate. After removal of 
periodate and iodate with barium hydroxide, the barium salts of organic 
phosphates were precipitated with 3 volumes of cold ethanol. The barium 
salts were converted to sodium salts and aliquots of the solutions were 
fractionated on Dowex 1, Cl- form resin (28) by gradient chromatography. 
The fractions were analyzed for glycolaldehyde (29) and for organic P, 
and in each case a single peak was observed. Further, the peaks obtained 
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Fic. 5. Oxidation of Gm by periodate. Periodate uptake measured titrimet- 
rically (O) and spectrophotometrically (X). The solutions contained the following 
in 25 ml.: 50 umoles of Gm HCl, 5 mmoles of acetate buffer (pH 4.54), and 400 umoles 
of sodium periodate. Oxidations were conducted in the dark at 2°. 


from the oxidation of G-6-P, Gm-P, and Galm-P coincided with that ob- 
tained from the oxidation of a-glycerophosphate. 

The results obtained with G-6-P suggest that oxidation occurs in the 
open chain form and agree with the studies of other investigators on fructose 
6-phosphate and ribose 5-phosphate (30). The reliability of the spectro- 
photometric method has been questioned (31). 

Action of Phosphoglucomutase on Gm-6-P—Enzymatically prepared 
Gm-6-P is a substrate for phosphoglucomutase (14), whereas a synthetic 
preparation (8) was not as effective. It was therefore necessary to investi- 
gate the effect of the mutase on the synthetic, crystalline Gm-6-P. A 
suspension of the crystalline enzyme (specific activity 15 (82)) in 0.7 
saturated ammonium sulfate solution was centrifuged and 3.3 mg. of the 
protein were dissolved in 3.0 ml. of cold albumin-Versene mixture (14). 
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Fic. 6. Periodate oxidation of Gm, Galm, Galm-P, Gm-P, and G-6-P. The 
experimental conditions were the same as those described for Fig. 5. 


The solution was dialyzed against Tris buffer (0.02 m; pH 7.50) for 2 
hours. Reaction mixtures containing the following components per ml. 
were incubated at pH 7.50 and 30° for 2 hours: 4 wmoles of Gm-6-P, 1.5 
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umoles of MgSQOu,, 9 y of bovine serum albumin, 0.56 umole of Versene, 0.11 
mg. of phosphoglucomutase, 5 X 10-* umole of G-1,6-diP. Analysis of 
the mixtures for 30 minute acid-labile P (1 nN HClO,) was performed as 
described (14). The ratio of Gm-6-P to apparent Gm-1-P at the end of 
the reaction was 79:21, which agreed with the reported value 81:19 within 
experimental error. 

Preparation of N-Ac-Gm-6-P and N-Ac-Galm-6-P—The procedure for 
N-acetylation of hexosamines (15) was modified for acetylation of the 
hexosamine phosphates. A mixture containing 1.00 gm. of Gm-6-P or 
Galm-6-P, 200 mg. of NaHCQs;, 9 ml. of water, and 1.2 ml. of methanol 
was vigorously stirred in an ice bath while 0.32 ml. of acetic anhydride was 
added. The mixture was stirred at 0—-1° and maintained at pH 6 to 7 
(titration with 10 per cent NaOH solution) for 90 minutes. The solution 
was passed through 50 ml. of Dowex 50, H* resin (20 to 40 mesh) and 
concentrated in vacuo to about 20 ml. Traces of Gm-6-P or Galm-6-P 
were removed by passing the solutions through columns containing 50 
ml. of Dowex 1, acetate form resin (200 to 400 mesh). The resin was 
washed successively with 200 ml. of 0.20 N acetic acid and 200 ml. of 
water. The N-Ac-Gm-6-P or N-Ac-Galm-6-P was eluted from the column 
with 0.10 N H2SQO,, 20 ml. being collected per fraction. Fractions 18 to 21 
which contained the N-acetyl compounds (33) were combined; sulfate 
appeared in Fraction 41. The solution was then treated with AgeCOs 
to remove traces of chloride ion,’ filtered, and passed through 50 ml. of 
Dowex 50, H® resin to remove silver ion from the solution. The com- 
bined filtrate and washings were lyophilized to yield 1.0 gm. of white, 
hygroscopic solid. Occasionally, a syrup was obtained, in which case 
water was added, and the material was again lyophilized. CsHi.Q NP. 
Calculated, C 31.90, H 5.64, N 4.65, P 10.78, acetyl 14.26; found (V-Ac-Gm- 
6-P), C 31.80, H 5.96, N 4.72, P 10.14, acetyl 14.23; (N-Ac-Galm- oF) 
C 32.16, H 5.54, N 4.62, P 10.68. 

The optical rotation of the N-Ac-Gm-6-P was [a]? +29.5° (equilibrium 
value; 8 per cent solution in 0.5 m sodium acetate, final pH 3.0). The 
optical rotation of N-Ac-Galm-6-P was [a]? +48.4° (equilibrium value; 
1 per cent solution in 0.05 m sodium acetate, final pH 4.5). 

The final products were analyzed by a nitrous acid-anthrone reaction 
(34) and were found to contain less than 0.1 per cent Gm-6-P or Galm-6-P. 
At equimolar concentrations, the following colorimetric values were 
found for N-Ac-Gm-6-P compared with N-Ac-Gm (100 per cent): arseno- 


7 The complete conversion of the resin from the chloride form (as it is purchased) 
to the acetate form is very difficult. Despite prolonged treatment of the resin with 
sodium acetate and acetic acid, well beyond the point where chloride elution is un- 
detectable, it was found that sulfuric acid eluted small quantities of chloride which 
frequently appeared in the fractions containing the N-Ac-Gm-6-P or N-Ac-Galm-6-P. 
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molybdate reducing sugar (20) method 87; ferricyanide (19) reducing sugar 
method 44; modified Morgan-Elson method for N-acetylhexosamine (33) 


TABLE 
N-Acetylation of Gm-6-P and Galm-6-P by Extracts of Neurospora crassa 


The extraction, fractionation, and incubation procedures were the same as those 
previously described (35) except the incubation times used here were for 15 minutes 
and the extracts were tested with Gm-6-P and Galm-6-P. 


Specific activity 
Fraction No. 


Gm-6-P* 


Galm-6-P* 


pmoles per mg. protein 
per hr. 


pmoles per mg. protein 
per hr. 


] Crude extract 6.9 6.9 
2 Protamine 25 27 
3 Ca3(PO,)2 gel 91 78 
4 Heated at pH 4.8 117 82 
5 Mixed bed resin 303 206 


* Product calculated as the free sugars. See the text for an explanation. 


TABLE II 
N-Acetylation of Gm-6-P and Galm-6-P by Extracts of Rabbit Tissues 


The incubation mixtures contained the following in final volumes of 0.175 ml.: 
extract from 12.5 mg. of fresh tissue; 4 umoles of Gm- or Galm-6-P; 1 umole of acetyl 
coenzyme A; 5 uwmoles of phosphate buffer, pH 6.1. The mixtures were incubated 
for 30 minutes at 37° and analyzed as described (35). Substrates were adjusted to 
pH 6.1 before use. The extracts were prepared by homogenizing 5 gm. of fresh tis- 
sue with 20 ml. of Tris buffer, 0.10 mM, pH 7.4. After centrifugation at 2000 X g for 
10 minutes, the residues were discarded. 


Substrate acetylated 
Tissue — 
Gm-6-P* Galm-6-P* 

umole pmole 


* Product calculated as the free sugars. See the text for an explanation. 


84. The corresponding values obtained with N-Ac-Galm-6-P compared 
with N-Ac-Galm (15) (100 per cent) were as follows: arsenomolybdate 
reducing sugar method 82; ferricyanide reducing sugar method 66; modified 
Morgan-Elson method 51. 


ar 
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Enzymatic N-Acetylation of Galm-6-P—The enzymatic acetylation of 
Gm-6-P by fungal, bacterial, and mammalian tissue extracts has been 
reported (35). These enzymes were inactive with a variety of substrates 
including Gm and Galm. As indicated in Tables I and II, the crude 
extracts catalyze the acetylation of Galm-6-P as well as Gm-6-P. The 
products formed are presented as N-Ac-Gm and N-Ac-Galm, not as the 
respective phosphate esters. The Morgan-Elson method (33) yields less 
color with the phosphates than with the free sugars, but no attempt was 
made to correct for this difference since phosphatases are present in the 
crude extracts. The values are therefore considered minimal. It is 
possible to conclude, however, that Galm-6-P is as effectively acetylated 
by these extracts as is Gm-6-P. Whether the Galm-6-P and Gm-6-P 
are acetylated by the same or different enzymes remains to be determined. 


DISCUSSION 


Gm-P and Galm-P are typical dipolar ions and are not appreciably 
adsorbed by ion exchange resins at pH 5 to 6. By taking advantage of 
this property, charged contaminants were removed and the purified 
compounds were readily crystallized. Proof of structure of the hexosamine 
phosphates was obtained by periodate oxidation studies in which G-6-P 
was used as one of the model compounds. Periodate oxidation of the 
sugar phosphates has been reported to proceed in both the open chain 
(7, 30) and the hemiacetal (24, 25) forms. Further, the validity of the 
usual titrimetric methods for studying periodate oxidation was questioned 
(25). For these reasons, the oxidation of G-6-P was studied in detail. 
The isolation of glycolaldehyde phosphate from the reaction mixture 
indicates that the oxidation proceeds in the open chain form, and that the 
arsenite titrimetric method for studying periodate consumption is valid 
with this compound. Since the results obtained with Gm-P and Galm-P 
were similar to those obtained with G-6-P, it is possible to assign the 
hexosamine phosphates the structures Gm-6-P and Galm-6-P. 

In addition to studies with phosphoglucomutase, Gm-6-P has been 
used as a substrate for three additional enzymes, 7.e. bacterial and hog 
kidney deaminases (36), N-acetylase from various sources (35), and a 
purified fungal phosphatase (37). Furthermore, it has been demonstrated 
that (a) Gm synthesis from hexose proceeds via the phosphorylated 
derivatives (38, 39) and (b) a mutase reversibly interconverts N-Ac-Gm-6-P 
and N-Ac-Gm-1-P (40). 

There is little information on the metabolism of Galm. Recent work 
has demonstrated that UDPAGm is converted to UDPAGalm (17) which 
is subsequently converted to N-Ac-Galm. The first reaction is analogous 
to the formation of UDPGal from UDPG. The analogy between galactose 
and Galm metabolism is further suggested by the fact that phosphorylation 
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of galactose and Galm by liver extract occurs at C-1 (41). However, the 
tentative report that a Galm-P is present in cartilage (4), and the sugges- 
tion presented above that there may be an acetylase for Galm-6-P, implies 
that the 6-phosphates may be of metabolic significance and that Galm and 
galactose metabolism are not completely analogous. 


Grateful acknowledgment is made to Mrs. L. Jo-Ann Cherry for assist- 
ance with the periodate oxidations, to Dr. Armand J. Guarino for pro- 
viding the glucose 1 ,6-diphosphate, and to Dr. J. A. Sidbury and Dr. V. A. 
Najjar for providing the crystalline phosphoglucomutase. 


SUMMARY 


The enzymatic (hexokinase and adenosine triphosphate) and chemical 
(polyphosphoric acid) methods for direct phosphorylation of glucosamine 
have been modified to yield identical crystalline products. The poly- 
phosphoric acid procedure was applied to galactosamine and yielded a 
crystalline product. Periodate oxidation studies indicate that the com- 
pounds are glucosamine- and_ galactosamine-6-phosphoric acids. A 
comparison of the spectrophotometric and arsenite titrimetric methods 
for periodate measurement has been conducted, and, contrary to previous 
investigations, it was concluded that glucose 6-phosphate was oxidized by 
periodate in the open chain, and not the hemiacetal form. Glucosamine 
6-phosphate was active as a substrate for phosphoglucomutase. N-Acetyl- 
glucosamine 6-phosphate and N-acetylgalactosamine 6-phosphate were 
prepared by acetylation of the hexosamine phosphates with acetic anhy- 
dride. Galactosamine 6-phosphate was enzymatically acetylated with 
fungal and mammalian tissue extracts. 
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THE CONVERSION OF p-GLUCOSE TO L-FUCOSE BY 
AEROBACTER CLOACAE* 


By EDWARD C. HEATH anno SAUL ROSEMAN 


(From the Rackham Arthritis Research Unit, and the Departments of Bacteriology 
and Biological Chemistry, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, August 19, 1957) 


L-Fucose (6-deoxy-L-galactose) is widely distributed in nature as a 
component of serum glycoproteins (2), the blood group substances (3), 
and many plant (4) and bacterial polysaccharides (5). The pathway of 
biosynthesis of this compound is unknown. 

Dudman and Wilkinson (5) reported that Aerobacter cloacae NCTC 
5920 produces a polysaccharide which contains approximately equal 
quantities of L-fucose, D-glucose, p-galactose, and uronic acid. In the 
present studies, this organism was grown on specifically labeled glucose 
as the sole source of carbon. The distribution of isotope in the L-fucose 
was determined and compared with the distribution in p-glucose and p- 
galactose of the polysaccharide. 

The results of these experiments indicate that the specifically labeled 
p-glucose carbon chain is converted to that of L-fucose, p-glucose, or p- 
galactose without significant inversion or randomization of the isotope. 


EXPERIMENTAL 


Culture Conditions—A culture of A. cloacae NCTC 5920 was kindly 
provided by Dr. J. F. Wilkinson of the University of Edinburgh. The 
organism was grown in media as previously described (5). p-Glucose 
autoclaved separately as a 50 per cent solution was added to the sterile 
salt solution. The medium (1 liter) was inoculated with 10 ml. of a 24 hour 
liquid culture, and was incubated for 24 hours at 37° on a New Brunswick 
rotary shaker at 210 r.p.m. 

The organism was grown in the presence of glucose-1-C™ (0.0485 ue. 
per mg.) or glucose-6-C" (0.089 ue. per mg.). The radioactive sugars were 
kindly supplied by Dr. H. 8S. Isbell of the National Bureau of Standards. 

Isolation of Polysaccharide—The viscous culture (1 liter) was centrifuged 
in the cold at 20,000 * g for 15 minutes to remove the cells. The clear 


* A preliminary report (1) has been presented. The Rackham Arthritis Research 
Unit is supported by a grant from the Horace H. Rackham School of Graduate Stud- 
ies of the University of Michigan. This investigation was supported in part by a 
grant (No. A-512) from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, and a grant from the Michigan Chapter, Arthritis and 
Rheumatism Foundation. 
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supernatant fluid was stirred at room temperature with a glass rod during 
the addition of 2 volumes of acetone and the polysaccharide collected on 
the rod as a fibrous ‘‘clot.””. After being washed several times with acetone, 
the material was dissolved in approximately 200 ml. of water in a Waring 
blendor (5 minutes at high speed) and dialyzed overnight against cold 
running tap water. 

Further purification of the polysaccharide was afforded by subjecting 
it to an electrodeposition technique.' This procedure has previously been 
used for the isolation of hyaluronic acid (6) and will be described in detail 
elsewhere. The polysaccharide was deposited on the channel membrane 
of the electroconvection apparatus as a gel, was removed, and lyophilized. 
At this stage of purification the polysaccharide contains approximately 1 
per cent nitrogen. 

Isolation of Monosaccharides—The po'ysaccharide was dissolved in 25 
ml. of 96 per cent formic acid and sealed in a Pyrex test tube. After being 
heated for 24 hours at 100°, the formic acid was removed in vacuo, and the 
syrup was treated for an additional 6 hours with 25 ml. of 1 N sulfuric acid 
at 100° (5). The sulfate ion was removed with barium hydroxide, and the 
filtrate was concentrated 7n vacuo to a syrup. 

The hydrolysate was dissolved in approximately 3 ml. of water and 
applied to a cellulose column (3.5 X 40 cm.) which was prepared as pre- 
viously described (7). The monosaccharides were eluted with an isopro- 
panol-water mixture (9:1) at a rate of approximately 1 ml. per minute; 
10 ml. fractions were collected with an automatic fraction collector. Ali- 
quots of each fraction were examined for reducing sugar by the method 
of Nelson (8). L-Fucose emerged from the column in a symmetrical peak 
between 400 and 575 ml. of effluent; a mixture of glucose and galactose 
emerged between 600 and 850 ml. The sugars were identified by paper 
chromatography with use of the isopropanol-water solvent described 
above. The materials were obtained as syrups by combination of appro- 
priate fractions and removal of the solvent in vacuo. The yields of mono- 
saccharides obtained at this stage from 1 liter of growth medium were 
as follows: L-fucose 25 mg., a mixture of p-glucose 15.5 mg., and p-galactose 
20 mg. (by analysis). ‘The methyl pentose isolated from the hydrolysate 
of the polysaccharide was further characterized as L-fucose by prepara- 
tion of the o-nitrophenylhydrazone derivative (9). o-Nitrophenylhydrazone 
of authentic L-fucose: m.p., 182-183°, [a}?* —20.8°; o-nitrophenylhydrazone 
of isolated methyl pentose: m.p., 182—183°, [a]** —19.0°. 

The mixture of glucose and galactose was dissolved in 3.5 ml. of 0.2 M 
phosphate buffer, pH 5.6, which contained 11 mg. of glucose oxidase. 

1 Performed by Mr. Donald Watson, to whom the authors are grateful. 


2? Dee-O, Takamine Laboratory, Clifton, New Jersey. The samples were kindly 
provided by Dr. Sheldon Rennert. The solid (32 mg.) was stirred with 10 ml. of 


— 
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The mixture was incubated for 2 hours at 37° with vigorous shaking, after 
which 3.5 ml. each of 0.2 mM zine sulfate and 0.2 m barium hydroxide were 
added, and the precipitate was removed by centrifugation. The super- 
natant fluid, containing a mixture of galactose and gluconic acid, was 
passed through a column of 20 ml. of Dowex 1, HCO;- resin (200 to 400 
mesh). The column was washed with 50 ml. of water, and the washings 
containing the galactose were concentrated in vacuo to a syrup. Gluconic 
acid was eluted by shaking the resin in a flask with 75 ml. of 2 N hydro- 
chloric acid solution for 1 hour. The resin was removed by filtration, and 
the filtrate and washings were concentrated in vacuo to a syrup. 

The efficiency of the above procedure was determined by separation 
of a mixture of equal quantities of galactose and uniformly labeled glu- 
cose-C!*, The respective benzimidazole derivatives were isolated as 
described below and their specific activities determined. The galacto- 
benzimidazole exhibited no detectable radioactivity, and the activity 
per millimole of the glucobenzimidazole was identical with that of the 
glucose (6750 ¢c.p.m.). 

Preparation and Degradation of L-Fuco-, p-Galacto-, and p-Glucobenzimi- 
dazole—The benzimidazole derivatives of fucose and galactose were 
prepared by a modification of the ‘direct method” with cupric acetate 
being used as the oxidant, while gluconic acid was converted to its benzimi- 
dazole derivative by the method for aldonic acids (10). 

The crude reaction mixtures (which initially contained from 15 to 50 
mg. of carbohydrate) were placed on columns containing 20 ml. of Dowex 
50-H+ resin (200 to 400 mesh) and were eluted with gradients produced 
by the addition of 2.87 nN hydrochloric acid to 1 liter of 0.10 Nn hydrochloric 
acid in a mixing vessel. The fractions were examined for the benzimidazole 
derivatives by determining the absorbancies at 277 my (11). The ben- 
zimidazoles emerged from the columns in the range of 300 to 500 ml. of 
effluent. The fractions containing the derivatives were pooled, con- 


0.2 m phosphate buffer, pH 5.6, in an ice bath for approximately 10 minutes. The 
mixture was filtered, and 3.5 ml. of the filtrate were used. 

3 A typical reaction mixture for the “direct method”’ consisted of the following: 
0.28 mmole of aldose; 0.83 mmole of o-phenylenediamine; 0.5 mmole of cupric ace- 
tate; 4.0 mmoles of glacial acetic acid; water to a total volume of 2.0 ml. The mix- 
ture was maintained at 53° for 14 hours. Copper ion was removed from the mixture 
by treatment with hydrogen sulfide before chromatography. A typical reaction 
mixture for the gluconic acid consisted of the following: 0.28 mmole of gluconic acid; 
0.60 mmole of o-phenylenediamine dihydrochloride; 0.01 ml. of ethanol; water to a 
total volume of 0.2 ml. The mixture was heated for 2 hours at 135°. 

4 Preliminary experiments indicated that mixtures containing fuco-, gluco-, and 
galactobenzimidazoles were not significantly separated from each other by this 
procedure. Consequently, the individual sugars must be isolated before prepara- 
tion of the respective derivatives. 
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centrated in vacuo, crystallized, and further purified by recrystallization 
(11). The respective melting points of the benzimidazole derivatives of 
fuco-, gluco-, and galactobenzimidazoles prepared from the sugars isolated 
from the polysaccharide were 254°, 215°, and 245° and were not depressed 
when these compounds were mixed with derivatives of authentic sugars. 

The chromatographic procedure employed for the purification of the 
derivatives permits the use of excess o-phenylenediamine rather than 
equivalent amounts as have previously been used (12). 

Degradation of the benzimidazoles was conducted by previously de- 
scribed procedures (11-14) after the addition of the respective non-radio- 
active derivative as carrier. Gluco- and galactobenzimidazoles, when 
oxidized with periodate, yield 2-benzimidazolealdehyde from hexose car- 
bon 1 and carbon 2, formic acid from carbons 3, 4, and 5, and formaldehyde 
from carbon 6. Fucobenzimidazole is oxidized to comparable fragments, 
except that only carbons 3 and 4 yield formic acid while carbons 5 and 6 
yield acetaldehyde. The benzimidazole (0.41 mmole) was suspended in 
10 ml. of water to which an equivalent amount of sulfuric acid was added. 
To this solution, 4 mmoles of sodium periodate were added and the mixture 
was incubated in the dark at 4° for 60 minutes. The final pH of the reac- 
tion mixture was about 3.5. The consumption of periodate in the pres- 
ence of fuco-, gluco-, and galactobenzimidazoles was followed by the titri- 
metric technique (15); theoretical periodate consumption was attained after 
30 minutes. No further consumption of periodate could be detected | 
within 2 hours. The excess periodate was decomposed by the addition 
of excess sodium arsenite and the mixture was adjusted to pH 7.5 by the 
addition of a 5 per cent sodium bicarbonate solution. The mixture was 
allowed to stand in ice for 1 hour, after which encase cemenanentiny ian 
was recovered by centrifugation; m.p. 241—242°. 

The supernatant solution contained formic acid and either sounlidaie 
or formaldehyde. These compounds were isolated and degraded as de- 
scribed below. 2-Benzimidazolealdehyde was oxidized to 2-benzimidazole- 
carboxylic acid with permanganate in pyridine solution. Under these 
conditions, the product was obtained in higher yield than when the oxida- 
tion was conducted by suspending the aldehyde in water (14). The alde- 
hyde (0.30 mmole) was refluxed with 7.5 ml. of purified, anhydrous pyridine 
until the solid completely dissolved. Potassium permanganate solution 
(2.2 ml. of 0.51 N) was added, and the mixture was heated on a steam bath 
for 30 minutes. Pyridine was removed by steam distillation, and the 
residue was treated with a small amount of Norit A and filtered. The 
clear, colorless solution was adjusted to pH 4 to 5 with acetic acid and 
was allowed to stand at 0° for several hours. The white needles of 2- 
benzimidazolecarboxylic acid were obtained in 75 to 80 per cent yield; m.p. 
174°. 


| 
| 
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2-Benzimidazolecarboxylic acid was quantitatively decarboxylated by 
being heated ina glass tubein ethylene glycol vapors. The carbon dioxide, 
which represents carbon 2 of the hexoses, was trapped in barium hydroxide 
solution. The remaining crystalline benzimidazole, which contains 
carbon 1 of the aldoses, was recrystallized from water; m.p. 169-170°. 

Formaldehyde (carbon 6 of glucose or galactose) or acetaldehyde (car- 
bon 5 and carbon 6 of fucose) was steam-distilled from the supernatant 
solution which remained after removal of the 2-benzimidazolealdehyde. 
Formaldehyde was converted to its dimedon derivative (16); m.p. 189- 
190°. ‘The acetaldehyde was divided into two portions, one of which 
was converted to the dimedon derivative (16); m.p. 142°; the other portion 
(17) was treated with sodium hypoiodite to yield iodoform (carbon 6 of 
fucose); m.p. 113°. 

Formic acid (carbon atoms 3, 4, and 5 of glucose or galactose and car- 
bons 3 and 4 of fucose) was selectively oxidized to carbon dioxide by treat- 
ment of the steam distillation residue with mercuric acetate (18). 

Determination of Radioactivity—Measurements were made with a model 
210 Flo-Window counter, Packard Instrument Company, and the results 
are expressed as counts per minute at infinite thickness as barium ear- 
bonate. All samples were counted for periods of time sufficient to give a 
standard error of +2 per cent. All samples, not otherwise converted to 
carbon dioxide, were subjected to combustion by the method of Gabourel 
et al. (19), and counted as barium carbonate. 


RESULTS AND DISCUSSION 


After growth of the organism in the presence of glucose-1-C" or glucose- 
6-C'™, the polysaccharide was harvested and hydrolyzed, and the monosac- 
charides were isolated as the respective benzimidazole derivatives. The 
distribution of C™ in the carbon skeletons of the aldoses are presented in 
Tables I and II. It is evident from the data that C™ was found only in 
carbon 1 of the L-fucose, b-glucose, and p-galactose when the organism was 
grown on glucose-1-C"™, and that the isotope appeared only in carbon 6 
of the monosaccharides when glucose-6-C' was the carbon source. Fur- 
ther, within the errors of the methods employed, there was no significant 
dilution of the C4 content of the isolated monosaccharides when compared 
with the glucose used in the growth media. 

Wilkinson,® and Segal and Topper,’ working independently, have re- 
ported similar results with a strain of Aerobacter aerogenes which produces 
a fucose-containing polysaccharide. In their experiments glucose-1-C" or 
glucose-6-C'" was provided as the sole source of carbon for growth, and the 
L-fucose was found to be predominantly labeled in the carbon 1 or carbon 6 


5 Private communications. 
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position. A small but significant degree of randomization of the label was 
observed in the L-fucose and p-glucose isolated from the polysaccharide. 
In the experiments conducted by these investigators, the organism was 
grown for 48 hours rather than for the 24 hour periods used in our experi- 
ments. The longer growth period may explain the randomization. 


TABLE I 
Conversion of p-Glucose-1-C'4 to L-Fucose, p-Glucose, and p-Galactose 
of Polysaccharide 
Relative specific activity* 
L-Fucose D-Glucose p-Galactose 
CHO 94 CHO 100 CHO 94 
HOCH 0 HCOH 0 HCOH 0 
| 
HCOH HOCH HOCH 
| 0 
HCOH HCOH 0 HOCH 0 
| | 
HOCH Ot HCOH HCOH 
CH; 0 HCOH 0 HCOH 0 
H H 
Ci-6 97 C16 99 95 


* The growth medium contained 48.4 ue. of glucose-1-C'™ per liter. The glucose 
carbon 1 exhibited a specific activity of 5550 c.p.m. when determined as barium 
carbonate at infinite thickness. For purposes of clarity, this value was assigned 
an arbitrary value of 100 and the specific activities in Table I are presented on a rela- 
tive basis. 

t The specific activity of L-fucose carbon 5 was determined by difference; carbons 
5 and 6 were determined as the acetaldehyde-dimedon derivative and carbon 6 as 
iodoform. See the text for the details of the degradations. 


Hauser and Karnovsky (20) have studied the conversion of pb-fruc- 
tose-6-C™ to another 6-deoxyaldose, L-rhamnose, which is produced as 
a constituent of a rhamnolipide by Pseudomonas aeruginosa. Essentially 
all of the label was found in the carbon 6 of the rhamnose. It was also 
demonstrated that specifically labeled glycerol was converted to L-rham- 
nose, the results suggesting a condensation of two 3-carbon intermediates 
to form the 6-carbon chain of L-rhamnose (21). 

The results of the experiments reported here suggest a direct conversion 
of p-glucose to L-fucose, involving neither inversion nor fragmentation of 
the p-glucose carbon chain. A direct pathway requires a change in con- 
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figuration of the hydroxyl groups attached to carbon atoms 2, 3, and 5 of 
p-glucose, and reduction to a methyl group of carbon 6. To our knowl- 
edge, there has been no report of an enzyme-catalyzed reduction at carbon 6 
of the hexoses. On the other hand, analogous reactions have been reported 
for enzymatic epimerizations: b-glucose — p-fructose — D-mannose via 
the 6-phosphate esters (22); p-glucose — p-galactose via the uridine deriv- 


TABLE II 


Conversion of p-Glucose-6-C'4 to L-Fucose, p-Glucose, and p-Galactose 
of Polysaccharide 


Relative specific activity * 


L-Fucose D-Glucose p-Galactose 
CHO 0 CHO 0 CHO 0 
HOCH 0 HCOH 0 whee 0 
HCOH 
OT 
H H 
103 90 Ci-6 92 


* The growth medium contained 88.8 uc. of glucose-6-C™ per liter. The glucose 
carbon 6 exhibited a specific activity of 10,500 c.p.m. when determined as barium 
carbonate at infinite thickness. For purposes of clarity, this value was assigned an 
arbitrary value of 100 and the specific activities in Table II are presented on a rela- 
tive basis. 

t The specific activity of L-fucose carbon 5 was determined by difference; carbons 
5 and 6 were determined as the acetaldehyde-dimedon derivative and carbon 6 as 
iodoform. See the text for details of the degradations. 


atives (23); L-ribulose — p-xylulose via the 5-phosphate esters (24, 25); 
L-arabinose — p-xylose via the uridine derivatives (26). 

The isotope data also agree with the formation of L-fucose by cleavage 
of the p-glucose carbon chain to yield fragments which are then recombined. 
This pathway requires that there be no equilibration of the smaller units. 
The cleavage of hexose diphosphate by aldolase, for example, yields trioses 
which are in equilibrium and which would ultimately give rise to doubly 
labeled .L-fucose if these compounds were involved in the synthesis. In 
this respect, it is of interest to note that Hough and Jones (27) demon- 


| 


518 CONVERSION OF D-GLUCOSE TO L-FUCOSE 


strated the formation of 6-deoxy-p-fructose and 6-deoxy-L-sorbose by the 
condensation of dihydroxyacetone phosphate with pi-lactaldehyde in the 
presence of an aldolase preparation from peas. The conversion of 
6-deoxy-L-sorbose to L-fuculose would require only one epimerization, at 
carbon 3. 

Since t-fucose has the configuration of L-galactose, another possibility 
for the pathway of biosynthesis of L-fucose was the following sequence of 


1 2 3 
reactions: b-glucose — pD-galactose — L-galactose — L-fucose. Reaction 1 
is known (23); Reaction 2 has been proposed (28); Reaction 3 would involve 
the reduction of the carbinol group (carbon 6) of L-galactose to a methyl 
group. This type of inversion is known; p-glucose is converted to L-as- 
corbic acid (29); p-xylulose is converted to L-xylulose (30). In the organ- 
isms that have been studied, this over-all pathway has been eliminated as 
significant in the biosynthesis of L-fucose, since the process would result in 
inversion of the glucose carbon chain yielding L-fucose with a labeling pat- 
tern opposite to that of the glucose in the medium. 

Studies are now in progress to determine the enzymatic mechanism of 
biosynthesis of L-fucose. 


SUMMARY 


1. Aerobacter cloacae NCTC 5920 was grown on glucose-1-C" or glucose- 
6-C', The extracellular polysaccharide was isolated and hydrolyzed, and 
the benzimidazole derivatives of the component sugars, L-fucose, D-glucose, 
and p-galactose, were isolated. The C™ distribution in the aldoses was 
determined by degradation of the benzimidazoles. The procedures for 
the preparation and degradation of the benzimidazoles were modified so 
that microquantities of aldoses could be used. 

2. p-Glucose-1-C'* was converted to L-fucose-1-C'™ and p-glucose-6-C" 
was converted to L-fucose-6-C"™ without significant dilution of the radio- 
activity. Similar results were observed with the other hexose components 
of the polysaccharide, p-glucose and p-galactose. It has been suggested 
that p-glucose is converted to L-fucose either directly without cleavage of 
the carbon chain or via a pathway involving the cleavage of the glucose 
carbon chain to fragments, not in equilibrium with each other, which are 
subsequently recombined to form t-fucose. 
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OXIDATIVE PHOSPHORYLATION IN MITOCHONDRIAL 
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Until recently, progress in our understanding of the mechanism of 
oxidative phosphorylation in mammalian tissues has been hampered in 
large measure by the inability to observe the process in units simpler 
than intact mitochondria. The first well characterized phosphorylating 
submitochondrial system prepared by digitonin treatment of liver mito- 
condria has been extensively described by Cooper and Lehninger (1, 2) 
and Devlin and Lehninger (3). Ziegler et al. and Green et al. (4, 5) have 
also described a submitochondrial fragment obtained from heart muscle 
sarcosomes. Although both preparations heretofore described oxidize 
DPNH! and succinate, they appear to phosphorylate poorly with these 
substrates. In the present communication we wish to describe the prepara- 
tion of a submitochondrial system by sonic oscillation which carries out 
oxidative phosphorylation. This preparation differs from those previously 
described, not only in the method of mitochondrial fragmentation but also 
in the fact that it effectively couples phosphorylation to the oxidation of 
DPNH and succinate. The observed synthesis of ATP appears to be 
primarily related to those steps in electron transfer leading to the reduction 
of cytochrome c. It is also distinguished by its requirement for Mg** or 
certain other divalent ions and the apparent absence of bound DPN*. 
Preliminary reports of this work have already appeared elsewhere (6-8). 


Materials and Methods 


Oxygen Uptake—Although initial observations on the properties of 
this system were made with the Warburg apparatus for measuring O2 up- 
take, all results reported here were obtained with the Clark oxygen elec- 
trode.2. The essential features of this electrode and the experimental 
arrangement for its use are given in Fig. 1. It is characterized by the 
isolation of the electrodes from the medium by the polyethylene membrane. 
The permeability properties of this membrane make the electrode virtually 


! Abbreviations used, AMP, adenosine 5-phosphate; ADP, adenosine diphosphate; 
ATP, adenosine triphosphate; DPN+*+, diphosphopyridine nucleotide; DPNH, re- 
duced diphosphopyridine nucleotide; TPNH, reduced triphosphopyridine nucleo- 


tide. 
2 Obtained from the Yellow Springs Instrument Company, Yellow Springs, Ohio. 
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indifferent to the composition of the medium, except as the composition 
influences the oxygen concentration. The gap between the electrode 
and vessel (0.5 to 0.75 mm.) was small enough to eliminate the problem 
of oxygen diffusion into the medium and was just large enough for the 
introduction of a syringe needle or micropipette. In practice the electrode 
was mounted on a rack and pinion arrangement for raising and lowering 
it into the reaction vessel (@) which was inserted into a water jacket con- 
nected to a constant temperature bath. The small iron wire sealed in 
glass and driven by a magnetic stirrer provided the necessary agitation. 


A 
F 
| 
H 


Fic. 1. Experimental arrangement for the Clark oxygen electrode. A, silver elec- 
trode; B, saturated KCl; C, platinum electrode; D, polyethylene membrane; E£, 
rubber 0 ring; F, rubber gasket; G, reaction vessel; H, magnetic stirring bar. 


The signal from the electrode was recorded on a Varian recorder. The 
electrical circuit was essentially that proposed by the manufacturers of 
the electrode. 

For routine use, the scale on the amplifier was set for 100 per cent with 
air-saturated distilled water, and it has been our practice to work with a 
system 80 to 90 per cent saturated by making our reaction media up to 
volume with boiled water. 

Phosphate uptake was determined by the P® incorporation procedure 
described by Nielsen and Lehninger (9) or chromatographically. All 
biochemicals employed were obtained commercially, ADP as the sodium 
salt and DPNH and TPNH as the enzymatically prepared material. 
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Hexokinase, prepared by the method of Berger et al. (10) through Step 
5, when used, was present in sufficient amount to transfer 5 umoles of phos- 
phate from ATP to glucose per minute at pH 7.0 under otherwise optimal 
conditions. 


EXPERIMENTAL 


Preparation of Submitochondrial Particles—Mitochondria were pre- 
pared from about 20 gm. of liver (two rats) as previously described (11). 
After the particles had been washed twice with 0.25 m sucrose, they were 
washed once by resuspension in about 20 ml. of 0.03 Mm PQO,, pH 7.0, and 


TABLE [ 
Recovery of Oxidative Activity and Phosphorylation in Mitochondrial Fragments 


Mitochondria Extract Spinco pellet 

Recovery 

Succinoxidase, % 100 51.2 15.2 

Phosphorylation, % 100 23.8 11.0 

Nitrogen, % 100 51.9 7.1 
Specific activity* 

Succinoxidase 0.48 0.47 1.02 

P:O 1.16 0.60 0.85 


Conditions, 20 nmoles of PO, containing 1 X 10° c.p.m. of P*?, 10 umoles of MgCl.; 
10 zmoles of ADP, 10 umoles of AMP, 5 umoles of succinate, 0.1 to 0.2 mg. of protein 
nitrogen, 50 umoles of glucose and hexokinase; pH 7.0; final volume 1.9 ml. Time 
50 to 100 seconds (equivalent to O2 uptake of about 0.20 to 0.25 watom) ; temperature 
24°. 

* Microatoms of 0, per minute per mg. of N. 


then centrifuged at 20,000 XK gfor 10 minutes. After the supernatant fluid 
had been removed, the mitochondria were suspended to a volume of 10 ml. 
with the 0.03 m PO, buffer and treated in a 9 ke. Raytheon sonic oscillator 
for about 25 seconds. The material was centrifuged at 25,000 X g for 20 
minutes, and the supernatant fluid was poured off and centrifuged at 
100,000 X g for 30 minutes (Spinco No. 40.3 rotor). The red-brown pellet 
was resuspended in 7 ml. of 0.03 m PO, buffer and centrifuged at 100,000 x 
g for 30 minutes. The sediment was then suspended in 0.03 m PO, buffer 
to a final volume of 2.0 to 3.0 ml. 

The recovery of nitrogen, succinoxidase activity, and associated phos- 
phorylation based on the phosphate suspension of mitochondria is shown in 
Table I. About 15 to 20 per cent of the oxidative activity was recovered 
in the particle preparation with an increase in specific activity of about 2- 
fold. 
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In this laboratory, and probably in other laboratories as well, previous 
experience had been that sonic vibration was not a successful method of 
producing active phosphorylating particles, particularly with isotonic 
sucrose as the medium. The success in the present work is based on the 
conditions (hypotonic phosphate buffer) which enabled the disintegration 
to be carried out in a very brief time interval. The effect of time of vibra- 
tion on the recovery of oxidative and phosphorylative activity in the extract 
after centrifugation at 25,000 X g for 20 minutes is shown in Fig. 2. It is 
apparent that extended vibration time leads to inactivation of phosphory]l- 
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Fic. 2. Recovery of succinoxidase and phosphorylation activities and nitrogen 
in sonic extracts of mitochondria. A, nitrogen; O, succinoxidase; @, phosphoryla- 
tion. Conditions, 10 zmoles of ADP, 6 uwmoles of AMP, 14 umoles of PO, containing 
1 X 10% ¢.p.m. of P**, 5 umoles of succinate, 50 uymoles of glucose and hexokinase. 


ation, and we selected an interval of 20 to 30 seconds as giving the highest 
efficiency for a reasonable amount of material. The phosphorylating 
efficiency of the particles was dependent also on the concentration of phos- 
phate used during disintegration. Table II shows that for all three sub- 
strates tested the best results were obtained when a phosphate concentra- 
tion in the region of 0.03 Mm was used. 

Dependence on Enzyme Concentration and Time—The linearity of oxida- 
tion and phosphorylation with respect to time and enzyme concentration 
is presented in Figs. 3 and 4. The time-course of the process under our 
conditions is limited by the amount of dissolved oxygen, but oxygen uptake 
is linear down to the last 1 or 2 per cent of the oxygen. The relationship 
to enzyme concentration indicates that the maximal rate of phosphate 


MICROEQUIVALENTS 


a 
80 
60 
40 | 7 
| 
204d 
J 
( 
( 
t 
t 


W. W. KIELLEY AND J. R. BRONK 525 


IS uptake, limited by the rate of oxidation of DPNH, was of the order of 2.0 

af to 3.0 umoles of phosphate per minute per mg. of enzyme nitrogen, a figure 

1e TABLE II 

n Influence of Phosphate Concentration during Sonic Vibration on P:O Ratios of 

Particle Preparation* 

t Phosphate concentration 

is Substrate 

|- 0.008 0.015 M 0.030 M 0.050 M 
0.08 0.64 0.75 0.74 
6-Hydroxybutyrate + DPN... 0.35 1.09 1.38 1.09 


* Data expressed as ratio of micromoles of phosphate esterified to microatoms of 
oxygen used. Conditions of incubation, 20 umoles of PO,, pH 7.0, containing 1 X 10° 
c.p.m. of P%?, 5 umoles of ADP, 6 uwmoles of AMP, 5 umoles of MgClo, 50 umoles of 
glucose and hexokinase, and, where used, 5 umoles of succinate, 5 umoles of DPNH 
or 20 umoles of 8-hydroxybutyrate, and 1 ymole of DPN. 0.1 to 0.2 mg. of protein 
nitrogen. Total volume 1.9 ml., time 30 to 60 seconds; temperature 24°. 


06 
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4 TIME IN SECONDS Mg ENZYME NITROGEN 
Fie. 3 Fic. 4 
# Fic. 3. Time-course of oxygen and phosphate uptake. O, oxygen uptake; A, 
- phosphate uptake. Conditions, 2.5 umoles of DPNH, 0.14 mg. of enzyme nitrogen; 
other conditions as given in Table I. 
" Fic. 4. Dependence of oxidation and phosphorylation on enzyme concentration. 
O, oxygen uptake; A, phosphate uptake. Conditions, 5 uwmoles of succinate; other 
6 conditions as given in Table I. : 
r 
, that compares favorably with the maximal rate for intact mitochondria 
4 and is of the same order as that given by Cooper and Lehninger (2) for 


their preparation with ascorbate and cytochrome c as oxidizable substrate. 
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Efficiency of Oxidative Phosphorylation—Representative figures for the 
P:O ratios obtained with DPNH, succinate, 6-hydroxybutyrate + DPN?t, 
and TPNH are given in Table III. The range of values for DPNH was 
about 0.7 to 1.3, for 6B-hydroxybutyrate + DPN*t, 1.0 to 1.4, and for succi- 
nate, 0.6 to 0.9. Intheabsence of DPN*, TPNH was oxidized at about 4 
to 10 per cent of the rate for DPNH with P:O ratios as indicated in Table 
III. When DPN?* was added to the system containing TPNH, the rate 
of oxidation was increased about 5-fold. In this case the P:O ratio ap- 
proached that of @-hydroxybutyrate + DPN? as indicated in Table III. 
6-Hydroxybutyrate was not oxidized at a measurable rate in the absence 


TaBLeE III 
Oxidative Phosphorylation with Particle Preparation 
Substrate Oxygen uptake Phosphate uptake 5 
patom O* per min. | umole PO, per min. 
Succinate. 0.128 0.108 0.85 
dinitrophenol 0.116 0.000 0.00 
DPNH.. 0.247 0.247 1.00 
dinitrophenol. . 0.235 0.020 0.09 
+ DPNt. 0.085 0.107 1.26 
TPNH.. 0.010 0.003 0.30 
Glutamate + DPN‘.. 0.000 0.000 


Conditions, 5 umoles of succinate, 2 X 10-4 m dinitrophenol, 2.5 umoles of DPNH, 
20 umoles of B-hydroxybutyrate or glutamate, 1 wmole of DPN, and 2.5 umoles of 
TPNH where used; 0.117 mg. of N. Incubation times were sufficient for an oxygen 
uptake of about 0.25 watom, with the exception of the samples with TPNH alone and 
glutamate which were incubated for 7 and 5 minutes, respectively. Other condi- 
tions same as those in Table I. 


of DPN. In the presence of added DPNt glutamate was not oxidized, 
as seen in Table III, and this also demonstrated that in the absence of 
oxidation no phosphate uptake occurred. In the presence of 2 &X 10-4 m 
dinitrophenol virtually no phosphate uptake occurred with either succinate 
or DPNH. 

pH Dependence—The influence of pH on oxidation of DPNH and succi- 
nate and on coupled phosphorylation is shown in Fig. 5. It is obvious 
that the pH dependence of phosphorylation was essentially the same for 
both substrates. While the maximal efficiency of phosphorylation oc- 
curred at pH 7.0 or slightly less, the maximal rate of phosphate uptake 
occurred at about pH 7.5. 

Dependence on Phosphate Acceptor—Phosphate uptake was completely 
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dependent on the presence of ADP. This is indicated in Fig. 6. For both 
substrates (succinate and DPNH) and at two levels of Mgt+ (0.005 and 
0.010 m) the optimal ADP concentration appears to be about 0.005 M. 
Earlier work (7, 8) had suggested that there was a relationship between 
Mgt+ and ADP concentrations. More extensive investigations over a 


T T 
0.6F 
0.5- 41.0 
40.75 
O OXYGEN UPTAKE “40.5 
WITH SUCCINATE 
0.2 @ P/O RATIO FOR 
SUCCINATE 
A OXYGEN UPTAKE 
q WITH OPNH 70.25 
0.1 A P/O RATIO FOR 
DPNH 
6.0 6.5 7.0 75 8.0 5 10 15 20 
pH MICROMOLES ADP 
Fia. 5 Fic. 6 


Fic. 5. Influence of pH on oxidation and phosphorylation with mitochondrial 
fragments. Conditions, 5 wmoles of ADP, 6 wmoles of AMP; other conditions as 
given in Table III. 

Fic. 6. Influence of ADP concentration on phosphorylation by mitochondrial 
fragments. O, 10 umoles of MgCls, 1.5 umoles of DPNH; A, 20 uwmoles of MgCh, 
1.5 umoles of DPNH; @, 10 wmoles of MgCl:, 5 umoles of succinate. Other condi- 
tions, 20 wmoles of PO, containing 1 X 10° ¢.p.m. of P*, pH 7.0; final volume 1.9 ml. 
0.19 mg. of enzyme nitrogen; incubation time 1 minute (equivalent to 0.25 natom of 
oxygen). 


wide range of Mg*+-concentrations have not verified this, although at 
very low Mgt* concentrations (0.0005 Mm or less) the optimum for ADP 
was reduced. As also observed by Cooper and Lehninger, ADP was the 
only nucleotide diphosphate that would function in this system. AMP 
did not act as an acceptor, but was added to the system to suppress the 
small amount of adenylate kinase present in the preparation. In the 
absence of hexokinase and glucose, this process, if uninhibited, would lead 
to formation of labeled ATP through the potent ATP-P® exchange reaction 
of our enzymatic material. 
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Dependence on Mg++—The Mg** dependence of phosphorylation with 
the system described here was nearly complete. This is shown in Table 
IV. Although Table IV indicates that the highest P:O ratios were ob- 
tained at 0.010 m Mgt, other information such as that in Fig. 6 has demon- 
strated that 0.005 m Mg** is sufficient to saturate the system with either 
DPNH or succinate as substrate. 

Dependence on Phosphate—The dependence of phosphorylation and, to 
some extent, oxidation, on phosphate concentration is shown in Fig. 7. 
The phosphorylation system appears saturated with respect to phosphate 
at about 0.010 m phosphate. The increase in phosphate uptake at higher 


TABLE IV 


Influence of Mg**+ Concentration on Oxidative Phosphorylation 
in Mitochondrial Fragments 


Phosphorylation, 
Succinate DPNH 
pmoles 
0 0.03 0.07 
1 0.59 0.81 
5 0.79 1.01 
10 0.84 1.02 
20 0.89 1.07 


Conditions, 5 umoles of ADP, 6 umoles of AMP, 20 umoles of PO,, pH 7.0, contain- 
ing 1 X 10° c.p.m. of P%?, 5 wmoles of succinate or 5 wymoles of DPNH where used. 
0.2 mg. of protein nitrogen in a total volume of 1.9 ml. 0.24 to 0.30 watom of O, 
uptake, time 30 to 60 seconds; temperature 24°. 


concentrations of phosphate appears to be an effect on the rate of oxidation 
of the substrate (DPNH). 

Influence of Coupling on Oxidation Rate—Although the data presented 
in Figs. 6 and 7 and in Table IV indicate that phosphorylation was com- 
pletely dependent on the presence of ADP, phosphate, and Mgt, these 
components were not essential for the oxidative reaction alone. Table V 
shows that, although the rate of oxidation is somewhat reduced in the 
absence of ADP or with a low level of phosphate, the lower rate of oxidation 
is not due solely to a lack of coupling. In the absence of Mg** no coupling 
can occur, and yet the oxidative rate is as rapid as that obtained with a 
complete phosphorylating system. 

Number of Functional Stages of Phosphorylation—Since the data pre- 
sented so far indicated maximal P:O ratios of 1.0 for succinate and a value 
somewhat over 1.0 for DPNH, it was of interest to determine whether 
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phosphorylation was occurring at all levels of electron transfer. The 
information summarized so far suggested that one step might be lacking. 
In order to determine whether this were the case, experiments were per- 
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Fia. 7. Influence of phosphate concentration on oxidation and phosphorylation 
by mitochondrial fragments. O, oxygenuptake; A, phosphate uptake. Conditions, 
2.5 umoles of DPNH; 0.09 mg. of nitrogen; enzyme preparation washed and resus- 
pended in 0.01 mM POy. Other conditions as given in Table I. 


TABLE V 
Influence of Coupling on Oxidative Rate 
Oxidation rate Per cent 
patom Oz per min. 

Complete system’. . 0.280 100 

‘¢ minus ‘added phosphate (0. 25 
umole per ml. final concentration). . 0.160 57 
Complete system* minus ADP. 0.207 74 


* The complete system includes 10 uzmoles of ADP, 10 umoles of AMP, 20 umoles of 
PO,, pH 7.0, 10 umoles of MgCl, and 2.5 umoles of DPNH. 


formed with cytochrome c as the electron acceptor on the one hand and 
reduced cytochrome c as the electron donor on the other. Some observa- 
tions on these partial reactions are summarized in Table VI. In all experi- 
ments of this type the values for succinate with cytochrome c as acceptor 
have agreed quite well with those for oxygen as acceptor. In the case of 
8-hydroxybutyrate, the agreement was generally closer than that shown 
in this experiment (Table VI). On the other hand, the values for DPNH 
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have been consistently higher with cytochrome c as acceptor than with 
oxygen. At present we are unable to explain this peculiarity. The as- 
corbate-cytochrome c system consistently gave P:O ratios in the neighbor- 
hood of 0.05. 

Table VI also provides some information on the behavior of the system 
with antimycin A. With oxygen as the acceptor, antimycin A inhibited 
succinate oxidation completely and DPNH oxidation about 95 per cent 
(cf. (12, 13)). With cytochrome c as acceptor, succinate oxidation was 
still inhibited. Qualitative observation indicated that, while DPNH was 
oxidized by cytochrome c in the presence of antimycin A, this occurred at 
a reduced rate, in comparison to the system without antimycin A, in 


TABLE VI 


Comparison of Succinate, DPNH, and Ferrocytochrome c As Electron Donors and of 
Oxygen and Cytochrome c As Electron Acceptors 


Substrate Oz Pi Pi 

patom pmole pmole pmole 

Succinate............................| 0.255 | 0.184 | 0.72 | 0.075 | 0.048 | 0.64 

DPNH...............................| 0.255 | 0.194 | 0.76 | 0.080. | 0.081 | 1.02 

8-Hydroxybutyrate + DPNt.........| 0.228 | 0.222 | 0.97 | 0.078 | 0.103 | 1.32 

Ascorbate-cytochrome c..............| 0.255 | 0.011 | 0.04 

Succinate + antimycin A.............} 0.000 | 0.000 0.005 | 0.000 

DPNH + antimycin A................| 0.091 | 0.000 0.079 | 0.001 | 0.01 


Conditions, where used, 20 umoles of ascorbate with 0.05 umole of cytochrome c, 
2 y of antimycin A, 1.0 umole of KCN. In the spectrophotometric experiments the 
cytochrome c (0.16 wmole) was added in five to ten portions as in the report of Cooper 
and Lehninger (2). Other conditions as given in Table III. 


agreement with the observations of Devlin and Lehninger (3). In all 
cases phosphate uptake was completely suppressed. 


DISCUSSION 


According to the method presented here, it is possible to prepare frag- 
ments of mitochondria by sonic vibration that are active in electron 
transport phosphorylation.* It is possible that by careful examination of 
conditions other mechanical means of disintegration may also be found 
effective. Washing mitochondria in hypotonic phosphate buffer induced 
swelling as one would expect. Some protein is removed from the mito- 
chondria, and the particles may be partly disrupted. Nevertheless, such 
preparations exhibit an unimpaired ability to phosphorylate ADP during 


3 Dr. H. A. Lardy has informed us that Dr. Maley and Dr. McMurray have had 
similar experiences in his laboratory with sonic extracts of mitochondria. 
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the oxidation of succinate with P:O ratios of 1.2 to 1.6, a range which 
compares favorably with the efficiency of isotonic sucrose suspensions of 
mitochondria. However, because of their high ATPase activity, these 
phosphate-washed preparations lack the ability to maintain high levels of 
ATP. The fragmentation of these particles in the sonic oscillator results 
in an immediate drop in P:O ratios. When intervals of exposure of 1 
minute or less are used, the particles remaining suspended after centrifuga- 
tion at 25,000 * g for 20 minutes have a P:O ratio about one-half the 
value for the original suspension. Longer exposure times lead to a decline 
in efficiency. A time interval of about 30 seconds has been selected as 
affording a factor of safety consistent with the uncertainties of performance 
of the sonic oscillator. 

The active material in the sonic extract contains a broad spectrum of 
particle sizes. Fractionation within the range of gravitational fields 
employed (25,000 to 105,000 X g) has indicated that the oxidative activities 
and the efficiency of phosphorylation are constant for all particle sizes, that 
is, the smaller particles are just as active as the larger ones. Consequently 
no attempt has been made to isolate only a narrow range of particle sizes. 

It would appear that under our conditions only about 5 per cent of 
the anticipated phosphate uptake for the step ferrocytochrome c to oxygen 
is obtained. The values for succinate with both oxygen and cytochrome 
as acceptors indicate that for the levels of electron transfer from succinate 
to cytochrome c the system has an efficiency of 70 to 90 per cent. If 
phosphorylation at this level of electron transfer holds for DPNH oxidation 
as well as for succinate, then, when 6-hydroxybutyrate + DPNt or TPNH 
+ DPN? is employed as substrate, the first phosphorylation stage in 
DPNH oxidation must proceed with a P:2e ratio of 0.2 to0.6. However, 
such assignments of efficiency may be rather arbitrary. 

DPNH itself as a substrate appears somewhat anomalous in that the 
P:2e ratios of oxygen and cytochrome ¢ as alternative acceptors disagree in 
the least expected fashion. This holds also for B-hydroxybutyrate but to 
a lesser extent generally. As indicated earlier, we are unable to explain 
this. The differences in efficiency between DPNH on the one hand and 
8-hydroxybutyrate + DPNt or TPNH + DPN? on the other suggest 
the possibility that DPNH may react with the electron transport system 
in two ways, either directly with the cytochrome reductase or by occupying 
the sites for DPN* on the dehydrogenases with transfer of electrons to 
the flavin component in the same fashion as in those systems possessing 
bound DPNt. The latter mechanism would then be required for the 
first stage of phosphorylation in DPNH oxidation. 

The particles are apparently deficient in DPNt, since 6-hydroxybutyrate 
is not oxidized without added DPN+. Other preparations of mitochondrial 
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fragments (1-5) possessing bound DPN?* give relatively poor efficiencies 
for DPNH. This circumstance leads us to suspect that association of 
phosphorylation with oxidation of free DPNH is in part dependent on the 
absence of bound DPN*. 

In contrast to the digitonin-enzyme complex of Cooper and Lehninger 
(1), the preparation described here possesses very little antimycin A-in- 
sensitive DPNH oxidase activity. The oxidation of DPNH without 
phosphorylation with cytochrome c as acceptor in the presence of antimy- 
cin A suggests that free cytochrome c may be acting out of sequence, by- 
passing the steps concerned in the coupled phosphorylation. Succinate 
oxidation by added cytochrome does not occur in the presence of antimycin 
A, suggesting a difference in specificity of the two flavoproteins for electron 
acceptors. 

In agreement with the observations of Kaplan et al. (14) phosphorylation 
coupled to TPNH oxidation appears to require initial transfer of hydrogen 
to DPNt+. The low P:O ratios in the absence of DPN+ were not due to 
the low oxidation rate, since, in unpublished experiments conducted with 
Ciotti, Lamborg, and Kaplan with the DPNH analogues, deamino-DPNH, 
and the 3-acetylpyridine analogue of DPNH, both compounds gave essen- 
tially the same P:O ratios as DPNH although the acetylpyridine-DPNH is 
oxidized quite slowly. 

The preparation described here is distinguished by the dependence on 
added Mgt** for phosphorylation. Preliminary data (7, 8) indicate that 
other divalent ions with a coordination number of 6 (Cot++, Mnt+, Fet*) can 
replace Mg** to some extent. Cat* is the exception, and its inability may 
by related to its relatively large ionic radius. 


SUMMARY 


A method is described for the preparation of submitochondrial particles 
capable of coupling phosphorylation to electron transport. The method is 
based on the disintegration of mitochondria by sonic vibration. 

Either diphosphopyridine nucleotide (DPNH) or succinate can serve as 
a primary substrate in the system although 6-hydroxybutyrate and tri- 
phosphopyridine nucleotide are oxidized rapidly with associated phos- 
phorylation if DPN* is added. The particles appear to contain no bound 
DPN*t. 

Phosphate uptake is dependent on phosphate, adenosine diphosphate, 
and Mg, but oxidation is little affected by the absence of any or all of these 
components. Evidence is presented to show that the major part of the 
phosphorylation accompanies the oxidative steps leading to reduction of 
cytochrome c. The efficiency of the phosphorylation associated with 
cytochrome c reduction is estimated to be of the order of 60 to 90 per cent 
of that of intact mitochondria, according to the substrate used. 
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CHONDROMUCOPROTEIN; NEW EXTRACTION METHOD AND 
ALKALINE DEGRADATION* 
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An earlier study showed that from bovine nasal cartilage a product 
could be isolated consisting of chondroitin sulfate, an equivalent amount of 
inorganic cation, and protein (1). Three lines of evidence indicated that 
the polysaccharide and protein were combined as a mucoprotein. It will 
be convenient to distinguish this as bovine nasal chondromucoprotein. 

The extraction method was mild but tedious. Three extractions 
covering 5 days yielded 20 per cent of the hexosamine of the original 
cartilage as undegraded mucoprotein. Eight further extractions covering 
87 days yielded 22 per cent more of the original hexosamine as partly 
degraded mucoprotein. Clearly this isolation method could not serve 
to estimate the total amount of chondromucoprotein in the cartilage 
and thus the fraction of the total hexosamine of the cartilage that exists 
in this form. 

The present report describes a new method for the extraction of chondro- 
mucoprotein from cartilage with a high speed homogenizer which, in a 
single extraction with water, can yield in 1 day an amount of apparently 
undegraded chondromucoprotein accounting for over 80 per cent of the 
total hexosamine initially present. In addition, a study of the alkaline 
degradation of chondromucoprotein led to a greatly simplified method for 
the preparation of chondroitin sulfate as a crystalline barium salt. 


Methods and Results 


In a room at 4° fresh bovine nasal cartilage was freed of all perichon- 
drium, rinsed with water, and diced with a razor blade to give pieces about. 
2 to 5 mm. on a side. The fresh cartilage was generally used within 24 
hours after its preparation, but it could be kept at 4° with the addition of 
2 small amount of thymol for as long as 4 days with no observable effects 
on the products isolated. From this diced fresh cartilage dried cartilage 
waspreparedintwoways. Thefirst, madebydryingthediced fresh cartilage 


* This work was supported in part by research grant No. A-28(C) from the Na- 
tional Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service, and in part by a research grant from the New 
York Chapter of the Arthritis and Rheumatism Foundation. 


535 


536 CHONDROMUCOPROTEIN 


with acetone and removing all solvent in vacuo, is called diced dried carti- 
lage. The second was made by putting the fresh wet cartilage (10.0 gm.) 
in the baffled flask (500 ml.) of the VirTis 45 homogenizer with ethanol 
(300 ml.) and running at top speed for 10 minutes. The disintegrated 
cartilage and alcohol were centrifuged and the residue was washed with 
ethanol and ethyl ether and dried in vacuo. This material is called pow- 
dered dried cartilage. It is a fine, white, fluffy powder more suitable for 
analytical procedures. By either method the dry weight of the cartilage 
lay in the range 23 to 25 per cent of the wet weight on several dozen prepa- 
rations. Analysis of several samples of the powdered dry cartilage gave 
values, as per cent, within the ranges; N (Kjeldahl), 8.3 + 0.5; hexosamine 
(2, 3), 94 + 0.3; S (total), 2.4 + 0.1; hydroxpyroline (4), 5.1 + 0.4; 
proline (5), 5.4 + 0.6; moisture; 9.5 + 0.5; ash (as sulfate), 9.2 + 0.9. 

For the extraction of chondromucoprotein the cartilage was disintegrated 
in the homogenizer by stirring with water at top speed (rated at 45,000 
r.p.m.). The two main factors that were found to control the amount 
extracted were the proportion of water to cartilage and the time homogeni- 
zation was carried on. It seemed to make no difference whether fresh or 
dried cartilage was used, provided the dried cartilage was rehydrated before 
beginning the extraction. To rehydrate the dried cartilage it was allowed 
to stand with water (40 ml. per gm. of cartilage) for 16 hours for the diced 
material and 1 hour for the powdered material. Use of the dried cartilage 
instead of the fresh cartilage is of advantage when a series of comparative 
studies is undertaken, since the dried cartilage can be stored indefinitely. 

For the preparation of the chondromucoprotein two procedures will be 
described differing only in details and having different objectives. Method 
A is useful when it is desired to prepare chondromucoprotein in large 
amounts with no concern about extracting the maximal yield from a given 
amount of cartilage. In Method B what appears to be all the extractable 
chondromucoprotein can be extracted, but the procedure is more time- 
consuming and allows only small amounts of cartilage to be worked up at 
a time. 

Method A—Diced fresh cartilage (10.0 gm.) or rehydrated dried cartilage 
(2.5 gm.) and water (300 ml.) were put in the 500 ml. baffled flask of the 
VirTis 45 homogenizer equipped with two spaced blades and the flask was 
set in an ice bath. The homogenizer was run at top speed for 15 minutes 
while constantly replenishing the ice of the bath. This yielded a viscous 
opalescent fluid often containing pebbles of cartilage not disintegrated. 
The temperature of the mixture was 10-15°. To this, ethanol (600 ml.) 
was added and the mixture was centrifuged at 2000 r.p.m. for 40 minutes. 
The supernatant liquid was generally clear, though occasionally small 
amounts of floecculent material persistently floated. The liquid was 
filtered through a plug of glass wool. The residue, a soft mass of flocculent 
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material, was washed by stirring with an equal volume (270 ml.) of ethanol 
and centrifuging again. The clear supernatant liquid was filtered through 
the glass wool plug and added to the main volume of clear liquid. The 
residue, washed on the centrifuge several times with ethanol and ethyl 
ether and dried in vacuo, weighed 1.60 to 1.86 gm. It had a hexosamine 
content of 5.2 to 6.2 per cent. : 

The main volume of clear liquid which had been filtered through glass 
wool had a volume of about 1 liter and was very faintly opalescent. The 
chondromucoprotein could be precipitated from this solution by addition 
of salts. For this purpose potassium acetate was preferred because it is 
alcohol-soluble, and 10 gm. were added, producing an immediate flocculent 
precipitate of the potassium salt of the chondromucoprotein. This was 
centrifuged, washed several times with ethanol, then with absolute ether, 
and dried in vacuo over CaCle. The perfectly white product weighed 
0.55 to 0.80 gm. Because of the short homogenizing time and the relatively 
small volumes to be centrifuged, as many as half a dozen such batches can 
be completed in a day, giving a total yield of about 4 gm. 

Method B—Rehydrated dried cartilage (amounts between 0.5 and 
2 gm.) was homogenized in the VirTis 45 with water (280 ml.) for 30 min- 
utes at top speed, with cooling as before. Stirring was continued for 
another 30 minutes at the slowest speed of the VirTis 45 and then for a 
final 30 minutes at the top speed. The temperature of the opalescent 
liquid should not be over 18°. Ethanol (700 ml.) was then added. No 
visible pebbles of cartilage remained. The further isolation procedure 
was exactly as described for Method A. Method B differs from Method 
A in that a longer time for homogenization is used. 

Yields of both the chondromucoprotein and the residue of cartilage 
matrix left after the extraction are summarized in Table I. The yields of 
chondromucoprotein by Method A given in Lines 2 and 3 of Table I were 
greater than those obtained in partly degraded form after 2.5 months of 
extraction by the method previously described (1) and indicated in Line 
1 of Table I. Even higher yields of the chondromucoprotein can be ob- 
tained by increasing the length of time of homogenization (Method B) 
and the proportion of water used as shown in Lines 4 to 7 of Table I. A 
practical limit to the amount of chondromucoprotein extractable seems to 
be reached under the conditions shown in Line 6, since the product obtained 
under the conditions of Line 7, although greater in amount, is no longer 
completely soluble in water and contains small amounts of hydroxyproline 
(<0.9 per cent). Thus Line 6 represents the conditions for obtaining 
the highest yield of mucoprotein having the composition, solubility, and 
viscosity previously described. This highest yield is nearly half the dry 
weight of the cartilage. 

The chondromucoprotein made by either Method A or B, with the 
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exception of the preparations represented by Line 7 of Table I, on analysis 
gave the following values as per cent: hexosamine, 17.4 + 0.4; nitrogen, 
5.25 + 0.15; sulfur, 3.9 + 0.3; hydroxyproline, 0; proline, 1.0 + 0.1; 
moisture, 8.0 + 0.1; ash as sulfate, 20.6 + 0.8. Agreement with earlier 
values (1) is close. This product can be purified by reprecipitation as 
described in the earlier work. This has no observable effect on the analyti- 
cal values. 

The composition of the insoluble residue left after the extraction of 
chondromucoprotein from cartilage depends of course on the amount 
extracted. The residue left after extraction by Method B, Line 6, gave 
the following analytical values as per cent: hexosamine, 3.5 + 0.5; nitrogen, 


TABLE I 


Yields of Chondromucoprotein (CMP) and Cartilage Residue (RES) 
by Several Extraction Procedures 


Pate Cartilage H2O used, Yield CMP, Yield RES, Total 
ine No. at ieee ml. per gm. Method gm. per gm. gm. per gm. recovery, 
dry cartilage dry cartilage dry cartilage per cent 
1 Wet (1)* 0.200 
2 Dry 120 A 0.272 0.702 97.4 
3 Wet 120 A 0.236 0.706 94.2 
4 Dry 135 B 0.348 0.557 90.5 
5 = 180 B 0.401 0.551 95.2 
6 280 B 0.462 0.495 95.7 
7 ™ 540 B 0.522 0.387 90.9 


* Bibliographic reference. 


12.3 + 1.3; sulfur, 1.2 + 0.2; hydroxyproline, 10.0 + 0.3; proline, 10.5 + 
0.4; moisture, 8.8 + 1.2; ash as sulfate, 2.2 + 0.1. 

Extraction by Method B, as represented by Line 6, thus separates 
cartilage almost quantitatively into two parts of nearly equal weight, a 
water-soluble mucoprotein and a water-insoluble residue. Table II 
summarizes the distribution of some of the components of cartilage between 
these two parts. Judging by its hydroxyproline content, the residue 
contains nearly 75 per cent collagen. The remaining components of the 
residue may be in part unextracted chondromucoprotein and in part a 
neutral polysaccharide for which evidence has been cited by Glegg, Eidin- 
ger, and Leblond (6). It is not clear why attempts to press the extraction 
of the chondromucoprotein further, as represented by Line 7, Table I, 
yield a product not completely soluble in water and containing hydroxy- 
proline. 

Because the yield of chondromucoprotein is so high, approaching the 
total that could exist in the cartilage, some comparisons were made of the 
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properties of the material prepared by the new procedure with that pre- 
pared by the mechanically milder earlier method. It was pointed out 
previously (1) that, if a solution of chondromucoprotein in water was 
filtered on a sintered glass bacterial filter (pore diameter about 1 yu), none 
of the mucoprotein passed through the filter and that this seemed to be a 
measure of the absence of degradation of the chondromucoprotein. The 
potassium salt of chondromucoprotein prepared by the new procedure 
when dissolved in water is also completely non-filtrable. It has further 
been found non-filtrable when dissolved in 1 M KCl or 5M CaCle. This is 
evidence that protein and polysaccharide are bound together and that this 
binding is not salt-like. Dissolved in 10 m urea the chondromucoprotein 


TABLE II 
Distribution of Yield and of Several Components of Dry Cartilage between 
Water-Soluble Chondromucoprotein (CMP) and Water-Insoluble Residue 
(RES) When Separation Is Made by Method B (Line 6, Table I) 


Amount in 

1 gm. of Amount recovered Amount recovered Total 

r i in RES recovery 

cartilage 

meg. mg. per cent mg per cent per cent 
ee ie 1000 | 460 46 490 49 95 
Hexosamine........... 95 78 80 17.0 18 98 
25 18.0 72 4.9 20 92 
Hydroxyproline........ 51 0 0 49 96 96 
55 4.6 8 51 93 101 
Nitrogen.............. 83 24 29 60 72 101 


becomes partly filtrable. To learn the amount and composition of the 
filtrable part the following experiment was set up. Chondromucoprotein 
(0.34 gm.) dissolved in 10 m urea (50 ml.) was filtered with suction on 
a Morton type, Pyrex glass bacterial filter at 37° for a week. The syrupy 
residue on the filter was stirred with 10 M urea (35 ml.) and filtration was 
continued for another week. The residue on the filter, dissolved in water 
(50 ml.), was precipitated with ethanol (150 ml.) and potassium acetate . 
(1 gm.). The flocculent precipitate, washed and dried, weighed 0.30 gm. 
and had 4.7 per cent N and 16.4 per cent hexosamine. To the solution 
that had passed through the bacterial filter, potassium acetate (10 gm.) 
and ethanol (1250 ml.) were added. The flocculent precipitate, washed 
and dried, weighed 0.04 gm. and had 9.4 per cent N and 12.4 per cent 
hexosamine. ‘Thus in the presence of 10 m urea about 10 per cent of the 
mucoprotein becomes filtrable and this fraction is richer in protein than 
chondromucoprotein. 
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The ultraviolet absorption spectra of the chondromucoprotein in water, 
acid, and alkali are shown in Fig. 1. The high absorption at 280 my had 
been used in earlier work (3) to follow the purification of chondroitin 
sulfate at a time before the existence of the mucoprotein was suspected. 
The curve for the alkaline solution (Curve B) can be used to calculate the 
tyrosine and tryptophan contents by the method summarized by Beaven 
and Holiday (7). The results of such calculations are 1.0 per cent for 
tyrosine and 0.6 per cent for tryptophan. In the earlier study (1) a 
tyrosine content of 6 per cent was estimated based on the use of the Folin- 
Ciocalteu reagent. The Folin-Ciocalteu value is probably rendered high 
by the large amount of reducing sugar in the hydrolysate. That the earlier 
value was too high has already been pointed out by Mathews and Lozai- 
tyte (8). The higher absorption shown by the curve for the acid solution 
(Curve A) is mainly due to production of a marked opalescence as is 
apparent from the high optical density at 340 to 360 mu. No visible pre- 
cipitate can be seen, however, in this acid solution. 

Because of the large amount of chondromucoprotein present in cartilage 
and the great effect the viscosity of the ground substance may have on the 
physical properties of cartilage, a study was made of the variation in 
viscosity of chondromucoprotein with its concentration in buffered salt 
solution. The buffered salt solution used was that recommended by 
Hadidian and Pirie (9), 0.05 m NaCl and 0.05 m phosphate at pH 7.0. 
Preparation of a stock solution of the potassium salt of chondromucopro- 
tein at a concentration of 1 per cent in this buffer required an hour of 
constant stirring. The viscous solution was opalescent and was centrifuged 
to remove air bubbles. Dilutions were made in the same buffered salt 
solution and viscosities were measured in Ostwald viscosimeters containing 
2 to 3 ml. of liquid and flow times for water of 20 to 30 seconds at 24.3°. 
Freshly made solutions of chondromucoprotein surprisingly showed a 
progressive drop in viscosity with time. With solutions whose concentra- 
tions were below 0.5 per cent, this was scarcely noticeable in a few hours, 
but at higher concentrations the phenomenon became very striking. 
Because of the long time required to dissolve the mucoprotein, the first 
viscosity measurement could not be made earlier than 2 hours after be- 
ginning to dissolve it. In Fig. 2 are presented the results; Curve A shows 
the relative viscosity of solutions 2 hours after the addition of buffer 
to the dry mucoprotein; Curve B shows the relative viscosity 20 hours 
later. To find out if any permanent and irreversible alteration in the 
chondromucoprotein was involved, solutions were allowed to stand at 
room temperature for 1 or 2 days, the mucoprotein was then precipitated 
by addition of potassium acetate and alcohol, and the flocculent precipitate 
was washed with alcohol and ether and dried in vacuo. On dissolving the 


OPTICAL DENSITY 


q 
3 
4 
4 


OPTICAL DENSITY 


D 


a 


a 


I. MALAWISTA AND M. SCHUBERT 541 


product in the buffered salt solution, the same sequence of changes in 
viscosity was repeated starting at the same initial value of the relative 
viscosity. The progressive drop in viscosity probably reflects some change 
that continues after the mucoprotein has gone into solution, perhaps a 
change in its state of hydration or in the shape of the molecules in solution. 


40 
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Fic. 1. Absorption spectra of the potassium salt of chondromucoprotein (0.30 
per cent solution). Curve A, 0.1 m HCl; Curve B, 0.1 m NaOH; Curve C, water. 
Curve D for comparison is a 0.30 per cent solution of purified potassium chondroitin 
sulfate in water. Ordinate, optical density observed in a 1 cm. cell; abscissa, wave 
length in millimicrons. The solution for Curve A was strongly opalescent; thus the 
high optical densities observed for it are largely due to light scattering (see the text). 

Fic. 2. Relative viscosity (ordinate) as a function of the concentration of the 
potassium salt of chondromucoprotein (abscissa) in phosphate buffer (0.05 m) con- 
taining NaCl (0.05 m) at pH 7.0. Curve A, solution 2 hours old; Curve B, solution 
20 hours old; Curve C, solution heated at 65° for 5 minutes. All viscosities are meas- 
ured at 24.3°. 


At higher temperatures the change progresses more rapidly and at 65° ap- 
pears to be complete in 5 minutes, since, after such heating, measurements 
of viscosities at 24° were found to be constant with time. Curve C of 
Fig. 2 shows relative viscosities at 24.3° of chondromucoprotein solutions 
that have been heated for 5 minutes at 65° in the buffered salt solution. 
Chondroitin sulfate has generally been prepared from cartilage by al- 
kaline extraction followed by a complex set of procedures designed to 
remove contaminating protein. These procedures have included the use of 
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protein precipitants, adsorption of protein to a variety of earths, gel forma- 
tion of protein with chloroform and amy] alcohol, and precipitation of the 
polysaccharide from water with a large volume of glacial acetic acid. 
Since most of the chondroitin sulfate of cartilage can now be separated in 
the form of chondromucoprotein by a method that is chemically mild, it 
seemed worthwhile to try to prepare the chondroitin sulfate from the 
mucoprotein after a treatment with alkali. Of the many procedures 
tried, the following was most satisfactory. 

The potassium salt of chondromucoprotein (2.0 gm.) stirred with sodium 
hydroxide solution (150 ml., 0.18 mM) gave a clear colorless solution which 
was allowed to stand at 37° for 20 hours. The solution remained clear but 
turned faintly yellow. Glacial acetic acid was added (1.7 ml.), bringing 
the pH to 5.70, and the solution was dialyzed to remove the inorganic 
sulfate liberated. Barium chloride (2 gm.) was added, the solution volume 
was measured, and exactly one-quarter of this volume of ethanol was 
added. A small amount of flocculent precipitate formed which was 
centrifuged and discarded. Addition of ethanol to the clear liquid was 
continued, bringing the ethanol concentration to 50 per cent and producing 
a dense white precipitate of crude barium chondroitin sulfate. This was 
centrifuged and dissolved in water (150 ml.), barium chloride (1 gm.) 
was added, and ethanol (38 ml.) was stirred in to bring the concentration 
to 20 per cent. A small amount of flocculent precipitate was again pro- 
duced which was removed by centrifugation and discarded. ‘To the clear 
solution more ethanol was added (62 ml.), bringing its concentration to 
40 per cent and again producing a dense white precipitate which was 
centrifuged. The pure white product was dissolved in water (150 ml.) 
and barium chloride (1 gm.) was added. Addition of ethanol to 20 per 
cent now produced no precipitate, but precipitation began sharply with the 
least further addition of ethanol. Addition of ethanol was continued at 
intervals over several hours until a total of 75 ml. had been added. If 
the addition was sufficiently slow, the product was sometimes crystalline 
at this point. It was centrifuged, washed with alcohol and ether, and 
dried in vacuo. The yield was 1.16 gm. and the product was perfectly 
white. More perfectly formed crystals can be produced by repeating the 
precipitation process as described above. Under the microscope at high 
power the crystals appear as aggregates of plates. The following analytical 
data (in per cent) were found: C, 24.43; H, 4.77; N, 1.99; S, 4.62; ash as 
sulfate, 33.8; hexosamine, 20.2; moisture, 10.0. The values calculated 
(in per cent) for Ci4His0,4NSBa-5H.2O are C, 24.7; H, 4.25; N, 2.05; S, 
4.69; ash as sulfate, 34.1; hexosamine, 26.2; moisture, 13.2. For a solution 
(2.5 per cent) in water, [a]? was found to be —20.1°. The amount of 
inorganic sulfate liberated during the course of the alkaline treatment 
described above was measured in a separate experiment by adding barium 
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chloride after acidification with acetic acid and weighing the barium 
sulfate precipitated. This amounted to 40 mg. (170 umoles). The yield 
of barium chondroitin sulfate in such an experiment was 1.10 gm. (1600 u 
periods) ; hence the amount of sulfate liberated is about 10 per cent of the 
sulfate in the chondroitin sulfate isolated. 

As in previous work on the preparation of chondroitin sulfate (3, 10), 
the hexosamine found was far below the calculated value. On the other 
hand, the values found for C, H, N, 8, and ash are close to the calculated 
values for these elements. In view of the close agreement of values for 
elementary analysis with those calculated it seems that the low value 
found for hexosamine must be attributed to a fault in the analytical method. 
An obvious source of error is the use of glucosamine hydrochloride as the 
standard for colorimetric estimation of the hexosamine of cartilage, chon- 
dromucoprotein, and chondroitin sulfate in which the hexosamine is thought 
to be galactosamine though a recent report (11) suggested the presence of 
talosamine also. The ratio of hexosamine found (20.2) to hexosamine 
calculated (26.2) for barium chondroitin sulfate is 0.77. The value for 
this ratio found by analysis of the hexosamine hydrochloride prepared from 
chondroitin sulfate was 0.80. Thus, if the hexosamine isolated from 
chondroitin sulfate were used as the standard, then the expected value 
would be found for the per cent of hexosamine in the barium chondroitin 
sulfate. 


DISCUSSION 


The new method for the isolation of chondromucoprotein from cartilage 
raises some new thoughts. A complete mechanical disintegration of the 
cartilage structure seems to be the most important requirement for extrac- 
tion of large amounts of the mucoprotein. Even witha high speed homog- 
enizer, a rather long time (up to 1 hour) and a large amount of water 
(up to 300 ml. per gm. of dry cartilage) must be used to approach complete 
extraction (50 per cent of the dry weight of the cartilage). By contrast, 
in the absence of such disintegration Jorpes (12) found that only traces of 
sulfur-containing substances were extracted from beef tracheal cartilage 
by water. Hass and Garthwaite (13) in carefully done experiments found 
that, when thin sections (30 u) of infant epiphyseal cartilage were treated 
with 1 per cent NaCl or buffers at pH 6 or 8, only 6 per cent of the dry 
weight of the cartilage was extracted. They concluded that the chon- 
droitin sulfate of cartilage could be completely extracted only at or above 
pH 12. Similar conclusions have been reached for machine-ground bovine 
nasal cartilage (3). In view of the solubility in water of chondromuco- 
protein and the absence of any visible membrane barriers in the cartilage 
matrix it seems odd that so little mucoprotein can be extracted by water 
without disintegration of the cartilage and violent mechanical agitation in 
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large volumes of water. An observation that may be relevant has been 
made by Ludwig! and checked in this laboratory. Dissolved in buffer at 
pH 7 and subjected to electrophoresis on paper, chondromucoprotein does 
not move at all while chondroitin sulfate under these conditions moves 
rapidly. Yet on electrophoresis in free solution both chondromucoprotein 
and chondroitin sulfate move with almost the same speed. It seems 
possible that the fibers of the paper act mechanically to entangle the high 
molecular weight mucoprotein and prevent its movement but do not hinder 
motion of the much smaller chondroitin sulfate. The collagen fibers of 
cartilage may act similarly to prevent diffusion of the chondromucoprotein 
into solution unless the collagen network is disintegrated and the shreds 
violently agitated in a large volume of water. This thought may have 
bearing on the structure of cartilage. 

The viscosities of solutions of the chondromucoprotein (I*ig. 2) become 
particularly impressive, considering the possible concentration of the pro- 
tein in the ground substance of cartilage. 100 gm. of fresh wet cartilage 


contain about 75 gm. of water and 12.5 gm. of chondromucoprotein; thus — 


the concentration of the latter might be about 16 per cent. 


SUMMARY 


A method is described by which the chondromucoprotein of fresh or 
dried beef nasal cartilage can be extracted with water in yields up to 50 
per cent of the dry weight of the cartilage. This yield accounts for 80 
per cent of the total hexosamine of the original cartilage. The essential 
feature of the method is the thorough disintegration of the cartilage in a 
large volume of water by the use of a high speed homogenizer. A simple 
method is described for degrading this chondromucoprotein to give chon- 
droitin sulfate as the crystalline barium salt in a yield of over 75 per cent 
of the amount contained in the chondromucoprotein. 
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CORRECTION 
2 On page 290, at the top of Table III, Vol. 228, No. 1, September, 1957, under the 


heading “Per cent total ninhydrin-labile C“O:,” read the column headings “Step 1,” 
“Repetition of Step 1 (carrier added),” and “Step 3” for “Step 1,” “Recovery in Step 8, 
c.p.m.,” “Total,” and “Corrected.” 
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Carroll, Stacy, and du Vigneaud (1) were the first to observe that an 
extract of rat liver catalyzed the cleavage of cystathionine, producing 
cysteine, and a-ketobutyric acid. These authors also demonstrated that 
the same extract decomposed homoserine to yield the same keto acid. 
Binkley and Olson (2) achieved a considerable purification from rat liver 
of an enzyme which catalyzes the deamination of homoserine. They re- 
ported that a residual cystathionase activity persisted in their most purified 
preparations. Binkley also reported (3) that, in most cases, purified 
preparations of the cystathionase showed some activity toward homoserine. 
On the other hand Binkley and Olson (2) observed that the homoserine 
deaminase activity could be more rapidly destroyed by heat inactivation 
than the cystathionase activity, indicating the presence of two distinct 
enzymes. 

The present authors have purified an enzyme which produces ammonia 
and a-ketobutyric acid from homoserine. This enzyme, isolated in crystal- 
line form from rat liver, was found also to act on L-cystathionine to pro- 
duce cysteine, ammonia, and a-ketobutyric acid. Some evidence has been 
obtained to indicate that the two activities reside on a single enzyme 
protein. The procedures for the isolation of the enzyme and some physico- 
chemical properties of the purified enzyme are reported in this communica- 
tion. An abstract of a portion of this work has previously been published 


(4). | 
"Materials and Methods 


Materials—Pyridoxal phosphate monohydrate, pLt-homoserine, and DL- 
cystathionine (containing some allocystathionine) were purchased from the 
California Foundation for Biochemical Research, Los Angeles. DtL- 
Homoserine was treated with charcoal to remove the faint brown color of 
the commercial preparation and recrystallized from aqueous solution by the 


* Aided by research grants from the Life Insurance Medical Research Fund, and 
the National Cancer Institute (grant No. CY-3175). 
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addition of acetone. pui-Cystathionine was recrystallized according to 
Anslow et al. (5). L-Cystathionine was synthesized by Dr. M. Rothstein 
of this laboratory. t-Homoserine was prepared by treating L-homoserine 
lactone with silver oxide (6). The optically active lactone was made 
available to the authors by Dr. Rothstein and Dr. M. D. Armstrong of the 
University of Utah. Its purity was checked by paper chromatography 
and optical rotation. a-Ketobutyric acid was obtained from the Mann 
Research Laboratories, New York, and converted to the sodium salt by 
titrating an ethanol solution with sodium hydroxide. The dried crystalline 
salt was stored in a deep freeze. 

Distilled water used for this work was deionized by passing distilled 
tap water through a column of mixed ion exchanger resins supplied by the 
Comroe Laboratory, Chicago. The eluate of this column had a specific 
conductance of less than 1 micromho. 

Analytical Methods—Ammonia was determined by a modification of 
the microdiffusion technique of Conway (7), followed by nesslerization 
(8). a-Ketobutyric acid was measured by the Friedemann-Haugen 
method (9), modified as described by Sayre and Greenberg (10). The 
density of the red color of the 2,4-dinitrophenylhydrazone in the alkaline 
solution was measured at 515 my with a Coleman junior spectrophotometer. 
A standard curve was constructed with sodium a-ketobutyrate. 

During purification of the enzyme, protein concentrations were de- 
termined by measuring the optical density of the sample at 280 my with 
the Beckman model DU spectrophotometer in a silica cell of 1 cm. light 
path. 1 mg. per ml. solution of the purified enzyme was found to have an 
O.D.280 of 0.66. Protein concentrations of crude homogenates were deter- 
mined by a biuret method (11), with use of casein as a standard. 

Enzyme Assay Method—0O.1 ml. of the enzyme preparation was incubated 
at 37° for 30 minutes, with shaking, in a total reaction mixture of 1.0 
ml. volume, containing the following: 1.6 X 10-? m pL-homoserine, 5 X 10° 
mM each of 2,3-dimercaptopropanol (BAL) and pyridoxal phosphate, and 
0.1 M potassium phosphate buffer, pH 7.5. Incubations were carried out 
in air in glass vials of about 5 ml. capacity, equipped with screw on caps. 
At the end of the incubation the reaction was stopped by adding 2.0 ml. of 
10 per cent trichloroacetic acid. The precipitate of protein, if present, 
was removed by centrifugation and 1.0 ml. aliquots of the supernatant 
solution were assayed for a-ketobutyric acid formed. The enzyme prepara- 
tion to be assayed was suitably diluted so that a 0.1 ml. aliquot, under 
the condition of the assay, would produce from 0.1 to 1.5 umoles of the 
keto acid. Within this range the amount of the keto acid produced was 
directly proportional to the quantity of enzyme. 

A unit of enzyme activity is defined as that amount of enzyme which 
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produced 1 umole of a-ketobutyric acid per hour under the above condi- 
tions. Enzyme specific activity is expressed in terms of the enzyme 
units per mg. of protein. ? 


Purification of Enzyme 


Crude Enzyme Extract—The highest enzyme activity was found in rat 
liver (Table I). Beef, sheep, horse, and hog livers contained from one- 
eighth to one-twelfth the enzyme activity of rat liver per unit of wet 
weight. Heart and kidney showed much lower activity than that found in 
the liver. Therefore, rat livers were used as the source of enzyme. 

The animals were killed by decapitation, and the livers were excised 
from well bled carcasses and washed with cold water to remove the blood 


TaBLeE 
Distribution of Homoserine Deaminase 
Homoserine deaminase activity was measured by the formation of ammonia from 
pL-homoserine. Total volume of reaction mixture, 4 ml., containing 0.2 M DL- 
homoserine, 0.1 M potassium phosphate buffer, pH 7.5, and the homogenates of vari- 
ous tissues. No pyridoxal phosphate was added. 


Tissue Activity 
umoles NH; per hr. per gm. 

lissue 

Sheep ‘‘ 28 
Horse ‘‘ 26 
Rat liver. 300 
“kidney 24 
“heart 4 


as completely as possible. The excised livers could be stored at —20° 
for several months without appreciable loss of the enzyme content. 

The minced liver was added to 2 volumes of 1 per cent potassium chloride 
solution containing 10-* m disodium ethylenediaminetetraacetate and 
was homogenized in a Waring blendor for 3 minutes at half speed at room 
temperature (“Crude homogenate,” Table IT). 

Controlled Heat Denaturation—The crude homogenate was transferred, 
in batches of 1 liter, into a 2 liter Erlenmeyer flask, equipped with a ther- 
mometer, and the flask was agitated in a water bath, which was maintained 
at 65° + 1°, until the temperature of the homogenate reached 60°. This 
temperature was maintained for 5 minutes, with a second bath maintained 
at 60° being used, then the flask was transferred and shaken in an ice water 
bath to cool the content quickly to about 20°. The cooled homogenate was 


| 

g to 
prine 
nade 
f the 
phy 
[ann 
t by 
lline 
illed 

the 
cific 

of 
tion 

gen 
The 
line 
ter. 

de- 

ith 
ight 
an 
ter- 
ited 

and 
out 
ips. 
. of 
ent, 
ant 
der 
the 

as 
ich 


548 HOMOSERINE DEAMINASE-CYSTATHIONASE. I 


centrifuged for 20 minutes at 2000 X g. This yielded about 600 ml. of clear 
supernatant solution from 1 liter of the crude homogenate. The volumi- 
nous sediment was extracted once with 400 ml. of the 1 per cent potassium 
chloride solution, and the extract was combined with the first supernatant 
solution (“Heated extract,’’ Table II). 

Ammonium Sulfate Fractionation—The heated extract was adjusted to 
pH 6.5 with concentrated ammonium hydroxide, and the solution was 
brought to 55 per cent ammonium sulfate saturation by the addition of 
351 gm. per liter of solid salt with constant mechanical stirring (12). The 
temperature of the solution was kept at 0—2°, and the pH was maintained 
at 6.5. The mixture was allowed to equilibrate for at least 4 hours, and 
then the precipitate was centrifuged at 2000 X g and discarded. The 


TaBLeE II 
Summary of Purification of Homoserine Deaminase from 1.5 Kilos of Rat Livers 
Total activity units Protein* Srecity | Yield 
még per cent 
Crude homogenate...............| 3.27 X* 105 5.22 X 105 0.6 | 100 
Heated extract..................]| 2.62 105 2.43 105 1.1 80 
Ammonium sulfate fraction......| 1.94 X 105 3.78 X 104 5.1 59 
Ist ethanol fraction.............| 1.42 & 105 5.65 X 108 25 43.5 
2nd“ 8.20 X 10? 159 40 
Protamine fraction..............| 1.27 & 105 5.22 X 10? 244 39 
Crystallization. .................| 6.25 104 2.13 X 10? 293 19 
Recrystallization................| 4.60 X 104 1.33 X 10? 346 14 


* Calculated from determination that 1 mg. of crystalline enzyme per ml. gave | 


O.D.e80 of 0.66 in 1 cm. cell. 


supernatant liquid was then brought to 73 per cent saturation by the 
addition of 131 gm. per liter of solid ammonium sulfate in the manner 
described above. The dark colored precipitate was collected by centrifuga- 
tion and was suspended in about twice its volume of 0.2 m potassium phos- 
phate buffer, pH 7.5, and the red insoluble material, which appeared crys- 
talline in most cases, was removed by centrifugation. The dark red 
supernatant solution (““Ammonium sulfate fraction,” Table II) was used 
for the further purification. 

Ethanol Fractionation—The ammonium sulfate fraction was diluted 
with 10 per cent saturated ammonium sulfate, buffered at pH 7.2 with 0.1 
M phosphate, to obtain an enzyme concentration of approximately 200 
units per ml. This solution was chilled to about —1°, and 0.95 volume of 
cold absolute ethanol, chilled in a dry ice bath, was slowly added to it with 
rapid stirring. The speed of the addition of ethanol was regulated so 
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that the temperature of the mixture did not rise above 2°. After the 
addition of ethanol was completed, the mixture was stirred at —3° for 30 
minutes and centrifuged at 2000 X g for 20 minutes at —3°. The red 
supernatant liquid was discarded. The sediment was taken up in about 3 
volumes of cold 0.2 m potassium phosphate buffer, pH 7.5, and homogenized 
in a Waring blendor. The resultant suspension was centrifuged for 20 
minutes at 0° at 7000 X g, and the precipitate was reextracted with the 
buffer and discarded. The supernatant liquids were combined, and solid 
ammonium sulfate was added to full saturation at pH 7.2. The precipitate 
was collected by centrifugation (‘“‘1st ethanol fraction,” Table II). 

The ethanol fractionation was repeated if the specific activity of the 
first ethanol fraction was less than 150. After the second ethanol frac- 
tionation the preparation should show a definite yellow tinge when viewed 
in daylight. 

Protamine Sulfate Treatment—The precipitate from the ethanol treatment 
was redissolved in 0.2 m potassium phosphate buffer, pH 7.2, and dialyzed 
at 5° against this buffer to remove most of the ammonium sulfate. Aque- 
ous protamine sulfate (10 mg. per ml.) was added to the dialyzed solution. 
A heavy precipitate appeared immediately. After 15 minutes standing 
the mixture was centrifuged and the sedimented material discarded. 
This treatment was repeated until further addition of protamine did not 
produce any precipitate. The clear supernatant solution was then dialyzed 
overnight against cold 0.02 m potassium phosphate buffer, pH 7.2. The 
precipitate that appeared during the dialysis was removed by centrifugation 
at 7000 X g, and the supernatant liquid (‘‘Protamine fraction,” Table IT) 
was ready for crystallization. 

After the protamine sulfate treatment the ratio of the optical densities 
at 280 and 260 my becomes about 1.4,! whereas values as low as 0.5 were 
observed in the previous steps. The removal by protamine sulfate treat- 
ment of the substance which absorbs strongly at 260 my was essential to 
achieve crystallization. 

Crystallization—The protamine-treated enzyme solution was diluted 


1 Concentration-gradient elution of the enzyme from a Hyflo Super-Cel column 
by decreasing concentrations of ammonium sulfate, as described by Sayre and Green- 
berg (10), achieved some success in the purification of the ethanol-treated fraction. 
When the optical density at 280 my of the eluates was plotted against the fraction 
number, two partially overlapping peaks appeared. The first peak showed no en- 
zyme activity toward homoserine or cystathionine, and had an O.D.280/O.D.260 ratio 
of 0.4 to 0.5. The fractions constituting the second peak had O.D.280/O.D.260 ratios 
of 1.4 or higher, and were enzymatically active on both substrates. A yellow color 
could be seen in the fractions of the second peak. By this procedure there was ob- 
tained an enzyme preparation with a specific activity of 230 and with a satisfactory 
degree of recovery (80 per cent from the previous step). However, the protamine 
treatment was preferred because of the tedious nature of the column operation. 
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with 0.2 mM potassium phosphate buffer, pH 7.0, to obtain a protein con- 
centration of approximately 10 mg. perml. This solution was brought to 50 
per cent ammonium sulfate saturation by the addition of solid salt over 
a period of 30 minutes with mechanical stirring. Any insoluble material 
that was formed at this stage was removed by centrifugation at —3°. The 
supernatant solution was then placed in an ice-water bath and more am- 
monium sulfate was added, with gentle stirring, until a turbidity developed. 
Then, the mixture was chilled to about —8° in an ice-salt bath. The 
turbidity should clear as the temperature of the system is lowered. The 
mixture was maintained at this temperature, care being taken to avoid 
freezing, and more ammonium sulfate was cautiously added, to the point of 
incipient turbidity (about 55 per cent saturation). The temperature of 
the mixture was then allowed to increase slowly to 5° in a refrigerator. 
Because of the negative temperature coefficient of solubility of the enzyme, 
this procedure promotes crystallization. The presence of the crystalline 
material becomes apparent from a strong silky sheen which appears upon 
stirring the mixture. If crystallization did not take place, the process 
of chilling to —8° and the subsequent warming up process were repeated. 
The crystallized enzyme was collected by centrifuging at 7000 X g. Re- 
crystallization was produced in the same manner. 

The crystalline enzyme was stored at —20°, either as a thick paste in 
concentrated ammonium sulfate solution, pH 7 to 7.5, or dissolved in 
phosphate buffer at the same pH range. 


Properties of Crystalline Enzyme 


A photomicrograph of the twice recrystallized enzyme is shown in 
Fig. 1. Though the individual crystals appear colorless under the micro- 
scope, the bulk crystalline enzyme has a yellow color. An orange tint, 
which may be present at the first crystallization, is lost by recrystalliza- 
tion. The yellow color persisted through repeated crystallization, pre- 
cipitation from aqueous solution by ethanol, prolonged dialysis, and the 
treatment with charcoal. Passage through columns of Dowex 3 or Amber- 
lite IRC-50 at neutral pH did not remove the color. 

The absorption spectrum of a neutral solution of the recrystallized 
enzyme is plotted in Fig. 2. The spectrum exhibits two maxima, at 280 
and 427 muy, and a slight shoulder at about 258 mu, at this pH. A sharp 
absorption minimum is present at about 255 mu. The ratio of the optical 
densities at 280 to 260 my is 1.6 or larger, indicating the virtual absence 
of nucleic acid. The ratio of the optical densities at 427 to 280 my varied 
from 0.29 to 0.20. The lower values were observed in preparations sub- 
jected to prolonged dialysis. 1 mg. of lyophilized enzyme dissolved in 
1 ml. of 0.2 m potassium phosphate buffer, pH 7.5, gave an optical density 
of 0.664 at 280 mu, when measured in a cell of 1 em. light path. 
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The evidence that the yellow color of the enzyme is due to the presence 
of pyridoxal phosphate 1s contained in Paper II of this series (13). 


Fic. 1. Dark field photomicrograph of crystalline enzyme. Magnification, 500 X. 
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Fic. 2. Absorption spectrum of crystalline enzyme in 0.2 M potassium phosphate 
buffer, pH 7.5. | 
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Sedimentation Analysis*—Ultracentrifugal analyses of the crystalline 
enzyme were performed with a Spinco model E ultracentrifuge on samples 
which were dialyzed against several changes of 0.2 M potassium phosphate 
buffer, pH 7.0. A typical sedimentation pattern is shown in Fig. 3. Sedi- 
mentation constants measured at the protein concentrations of 1.27 and 
0.13 per cent were 7.6 S and 8.7 S, respectively. [rom these values the 
sedimentation constant extrapolated to zero concentration of the enzyme 


was estimated to be 8.9 S. 


~ 


Fic. 3 4 


Fic. 3. Sedimentation pattern of crystalline enzyme. 

Fic. 4. Electrophoretic pattern of crystalline enzyme at pH 5.95; ascending limb 
(upper figure), and descending limb (lower figure). The picture was taken 77,200 
seconds after start. 


Although the shape of the boundary seen in Fig. 3 indicates the prepara- 
tion to be monodisperse, a careful analysis of the boundary gradient re- 
vealed the presence of a minute quantity of material which possessed a 
smaller sedimentation constant than the major component. 

Moving Boundary Electrophoresis—The presence of a small quantity 
(<5 per cent) of a second component in the crystalline enzyme was also 
detected by moving boundary electrophoresis analysis (ig. 4). The 
mobilities of the main component, measured in 0.02 M potassium phosphate 

* The sedimentation analysis of another sample of the enzyme was kindly per- 
formed by Dr. W. H. Ward of the Western Utilization Laboratory, United States 
Department of Agriculture, Albany, California. He derived extrapolated values 
for zero protein concentration of 8.55 for the sedimentation constant and 4.80 & 1077 
em.? sec.-! for the diffusion constant (temperature 20°). This vields a molecular 
weight of 170,000 and a molar frictional ratio (f/fo) of 1.2. 
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Homoserine 


moles a-Ketobutyrate 


0.06 0.10 
ml. Enzyme 
Fic. 5. Rates of production of a-ketobutyric acid from cystathionine and homo- 
serine with varying amounts of enzyme. 0.02 M pL-homoserine and pL-cystathionine 
were incubated with enzyme (~50 y of protein per ml.) as described in method of 
assay. 


0.02 


buffer, containing 0.08 m potassium chloride, were 1.83 10~° cm.’ sec“! 
volt“ at pH 5.95 and —0.46 X 10-° cm.? sec.“! volt at pH 7.80. 
Diffusion Constant and Approximate Molecular Weight?—The diffusion 
constant determined on a 0.45 per cent solution of the enzyme dissolved in 
0.1 mM potassium phosphate buffer, pH 7.5, was 4.10 K 1077 cm.’ sec.“'. 
From the sedimentation and diffusion constants, the approximate molecular 
weight of the crystalline enzyme was calculated to be 2.1 X 10°. For this 
calculation it was assumed that the partial specific volume of the enzyme 
is 0.75. A molecular weight of 1.7 X 10° was calculated from an inde- 
pendent measurement.2 An average value, 1.9 X 10°, will be used as 
the approximate molecular weight of the enzyme throughout this work. 
Activity toward Cystathionine—It was observed that the crystalline 
enzyme acts on cystathionine as well as on homoserine. The rate of 
production of a-ketobutyric acid from cystathionine was comparable to 
that from homoserine. At first it appeared that the ratio of activities 
on the two substrates varied from one enzyme preparation to another. 
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Also, it was observed that treatment with heat apparently destroyed the 
homoserine deaminase activity more rapidly than the activity on cystathio- 
nine. Further study revealed, however, that the formation of a-keto- 
butyrate from cystathionine in the enzyme assay was not linearly pro- 
portional to the enzyme concentration (Fig. 5), whereas the production of 
the keto acid from homoserine proceeded linearly, as is seen in Fig. 5. 
Similarly, for a given concentration of enzyme, the keto acid production 
from cystathionine was not proportional to the incubation time, while the 
homoserine deaminase activity was linear with time. 

Therefore, it was reasoned that valid comparisons of the true ratio of 
activities on homoserine and cystathionine of various enzyme preparations 
could be secured only if each incubation mixture contained approximately 


TaBLeE III 
Ratio of Activity of Enzyme on Cystathionine and Homoserine 
Fraction Specific activity [Activity ratio, 
2.6 0.83 + 0.02 
Ammonium sulfate fraction.............. 8.7 0.83 + 0.03 
Protamine fraction. ..................... 242 0.80 + 0.03 
4 times recrystallized.................... 358 0.81 + 0.01 


1 ml. of incubation mixture containing 0.1 M potassium phosphate buffer, pH 7.5, 
5 X 10-5 m each of pyridoxal phosphate and BAL, 10-? m substrate. The amount of 
enzyme was adjusted so that approximately 0.55 umole of a-ketobutyrate was pro- 
duced from put-homoserine at the end of 20 minutes incubation. 


the same amount of the homoserine deaminase because it could be deter- 
mined accurately by the standard method of assay. Then, if the two 
activities are due to a single protein, each incubation mixture should con- 
tain the same amount of cystathionase, and thus the ratio should be the 
same for all the preparations. Table III gives the results of such analyses 
carried out on various enzyme preparations from different steps in the 
purification. The results show that the ratio of the two activities remained 
the same as the specific activity of the preparations increased from 2.6 to 
358. | 
By employing the same precaution in assaying the enzyme activities, no 
differential denaturation by heat of homoserine deaminase could be de- 
tected. Under various conditions of heating, the ratio of the two activities 
remained unchanged from that of the unheated material. 

These results indicated that the activities of the purified enzyme on 
homoserine and cystathionine might be due to a single enzyme protein. 
This view was further supported by an experiment, the result of which is 
summarized in Table IV. In this experiment the production of a-keto- 


t+ Re 


Y. MATSUO AND D. M. GREENBERG D099 


butyric acid from varying concentrations of DL-homoserine was measured 
in the presence and absence of 0.016 m pi-cystathionine. The data of 
Table IV show that the activity of the enzyme in the presence of both 


TaBLE IV 
Influence of pt-Cystathionine on Homoserine Deaminase. Activity 
Concentration of pt-homoserine No cystathionine added 1.6 X 10°? u cystathionine added 
M pmole a-ketobutyrate pmole a-ketobutyrate 
0 0.40 
10-3 0.16 0.43 
8 X 10-3 0.30 0.49 
1.6 X 10°? 0.49 0.57 
3.2 X 10°? 0.78 0.72 
O: 
Homoserine 
o—s Cystathionine 
— 04+ 
° 
L 
< 
S oat 
Oo 
O l 
6 7 8 9 
pH 


Fia. 6. pH-activity curve. Potassium phosphate buffer (O, 0) and sodium pyro- 
phosphate buffer (@, ™@) were used. Incubated for 20 minutes at 37°. 


substrates is always less than the sum of the activities on the individual 
substrate. 

Optimal pH—The effect of pH on the activity of the enzyme was deter- 
mined with both homoserine and cystathionine in the presence of pyridoxal 
phosphate and BAL (Fig. 6). An optimum pH of 8 was found for both 
substrates. Phosphate and pyrophosphate buffers were used to obtain the 
curves shown in Fig.6. The same optimum pH was obtained when borate, 
triethanolamine hydrochloride-sodium hydroxide, or tris(hydroxymethy]l) 
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aminomethane-hydrochloric acid buffers were used instead. However, 
the activity of the enzyme in these buffers was constantly lower than that 
obtained in phosphate or pyrophosphate buffers of the same pH and ionic 
strength. 

Michaelis Constants—The effect of substrate concentration on the 
catalytic activity of the crystalline enzyme was determined at pH 8 with 
L-homoserine and L-cystathionine, and the results were plotted as shown in 
Figs. 7 and 8. From the double reciprocal plots, the A, values were 
calculated to be 2 X 10? m for L-homoserine and 3 X 10-* o for L-cysta- 
thionine. 


x 
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Fic. 7. Effect of concentration of L-homoserine on activity. 4.8 7 of the enzyme 
were incubated for 15 minutes at 37°. 

Fic. 8. Effect of the concentration of L-cystathionine on activity. 1.9 y of the 
enzyme were incubated for 15 minutes at 37°. 


Turnover Number—From the Lineweaver-Burk plots of Figs. 7 and 8, 
the Vmax of the reactions was estimated to be 2020 uwmoles per hour per 
mg. of protein for homoserine and 738 wmoles per hour per mg. of protein 
for cystathionine. Assuming the molecular weight of 1.9 K 105, there were 
calculated the turnover numbers of 2340 moles per minute per mole of 
enzyme for cystathionine and 6400 for homoserine. 

Stoichiometry of Reaction—With t-homoserine as the substrate, the 
reaction could be made to proceed to completion with the liberation of 
equivalent amounts of ammonia and a-ketobutyrate. 

When L-cystathionine was incubated with the enzyme, the production 
of ammonia and a-keto acid exceeded the amount equivalent to the sub- 
strate added, if the incubation period was sufficiently long (Fig. 9). From 
the finding that some hydrogen sulfide was also formed in such cases, it was 
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concluded that cysteine, formed as a primary product, was further decom- 
posed by a desulfhydrase activity of the enzyme preparation, thus yielding 
pyruvic acid and an additional amount of ammonia. It was found later 
that, if L-cystathionine was incubated in the presence of a slight excess of 
iodoacetate, the reaction stopped when 1 equivalent of a-ketobutyrate 
was formed (Fig. 9). That the enzyme was not inactivated under this 
condition was demonstrated by the fact that the production of keto acid 
was resumed when more substrate was added after the reaction had reached 


O. 
O€ 
> O. ‘ad 
2 t 
204 + Cystathionine 
@ 
| 
O 02 25 mM iodoacetate 
= e—e No iodoocetate 
0.1 
50 100 


Time in Minutes 
Fic. 9. Production of a-ketobutyric acid from 0.53 umole of L-cystathionine in the 
presence and absence of 2.5 wmoles of iodoacetic acid. 


its first plateau. Formation of cysteine from L-cystathionine has been 
shown qualitatively by means of paper chromatography. 

Stability of Crystalline Enzyme—The crystalline enzyme could be dialyzed 
against distilled water for 2 days at 5° with little loss of activity, if assayed 
in the presence of pyridoxal phosphate (5 X 10-* mM). Lyophilization of 
the dialyzed preparation caused a loss of 25 per cent of the activity. The 
crystalline enzyme is stable for several months in neutral phosphate buffer, 
if the concentration of the enzyme is kept relatively high (~1 per cent), 
and stored at —20°. When kept at 5° in a dilute solution (~40 y per ml.) 
in buffers of neutral pH, the activity was lost after 1 week. 


DISCUSSION 


The most striking finding regarding the enzyme is that highly purified 
crystalline preparations possess the ability to catalyze two apparently 


er, | 

at 

he 

ith 

in 

| 

ne 

Pr 

in 

e 

of 

e | 

of 

iS | 


508 HOMOSERINE DEAMINASE-CYSTATHIONASE. I 


different reactions at approximately equal rates. The highest purity 
reported in the past for homoserine deaminase of rat liver (2) is 1780 
(umoles of ammonia per mg. of protein N per hour), which is roughly 
equivalent to a specific activity of 290 units per mg. of protein. Similarly, 
the isolation from pig liver of cystathionase with a specific activity of 
approximately 188 (units per mg. of protein) has been reported (14). 
In comparison to these values, the crystalline enzyme reported here has a 
specific activity (units per mg. of protein) of 358 for homoserine deaminase 
and 358 X 0.8 = 286 for cystathionase activity. 

The ratio of activity on homoserine and cystathionase remained the 
same throughout the wide range of the purification steps (Table ITI). 
When both substrates were present in the reaction mixture, the activity was 
less than the sum of the activities on the individual substrates. The 
latter finding suggests the following possibilities: (a) that one enzyme 
catalyzes both reactions, or (b) that, if there are two enzymes, each enzyme | 
is inhibited by the substrate, or the products, of the other. 

On the moving boundary electrophoresis pattern obtained at pH 5.95, 
a second component of higher mobility was present (Fig. 4). This sug- 
gested the possibility that this smaller component actually represented the 
protein which is responsible for one of the two enzymatic activities. To 
study this problem, samples were withdrawn from the electrophoresis cell 
(by means of a syringe fitted with a long fine needle) at the proximity of 
the ascending boundary (fraction a), in the region between the two bound- 
aries (fraction 6), and near the descending boundary (fraction c). The 
ratio of homoserine deaminase to cystathionase activity was determined, 
the usual precautions being taken, on these fractions. There were no 
significant differences in the ratio of the two activities between them. 
However, the specific activities obtained on fractions a and c were definitely 
smaller than those obtained on fraction b, indicating the presence of inert 
material in these fractions. Therefore, it is not likely that the small 
hump at the leading edge of the peak of Fig. 4 represents an enzymatically 
active second protein. 

From the above findings it may be tentatively concluded that a single 
enzyme catalyzes both the deamination of homoserine and the cleavage of 
cystathionine. Obviously, more evidence is required to establish this 
view unequivocally. Such evidence should include the powerful results 
that can be obtained from a study of the amino acid residues, composition, 
and sequence, and the terminal amino acids, of the protein to prove the 
homogeneity of the enzyme. 

The fact that the cystathionase reaction is not of zero order, even when 
the concentration of the substrate is several times that of the A,, value, 


3 Calculated from the ratio of cystathionase to homoserine deaminase activity 
given in Table III. 
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may be explained in terms of inhibition by cysteine, which is one of the 
products of the reaction. That cysteine inhibits this reaction has been 
demonstrated. It should be noted in this connection that, though care 
was taken to minimize such error, the K,, values for cystathionine were 
determined under conditions whereby the linearity of the reaction could not 
be guaranteed. However, the greater affinity of cystathionine for the 
enzyme (shown by the approximately 10-fold lower value of the K,, for 
cystathionine than for homoserine) suggests that it may be the natural 
substrate of this enzyme. 


The authors are most grateful to Dr. H. K. Schachman of the Bio- 
chemistry and Virus Laboratory, and to Dr. W. H. Ward of the Western 
Utilization Laboratory, for performing the ultracentrifugal analysis, to 
Dr. C. H. Li and Dr. Harold Papkoff of the Hormone Research Laboratory 
for the electrophoretic analyses and the determination of diffusion constant, 
and to Dr. M. Rothstein and Dr. M. D. Armstrong for making available 
certain compounds. 


SUMMARY 


1. A crystalline enzyme has been isolated that catalyzes both the 
deamination of homoserine and the cleavage of cystathionine. 

2. The high purity of the enzyme has been demonstrated by ultracen- 
trifugal and electrophoretic analyses. The approximate molecular weight 
of the crystalline protein has been determined from the sedimentation 
constant and the diffusion constant. 

3. The optimal pH of the reaction and the Michaelis constants for the 
substrates have been determined. The enzyme produces ammonia and 
a-ketobutyrate from L-homoserine, and cysteine, ammonia, and a-keto- 
butyrate from L-cystathionine. 

4. The probable identity of homoserine deaminase and cystathionase 
as a single enzyme has been proposed. 


BIBLIOGRAPHY 


1. Carroll, W. R., Stacy, G. W., and du Vigneaud, V., J. Biol. Chem., 180, 375 (1949). 

2. Binkley, F., and Olson, C. K., J. Biol. Chem., 185, 881 (1950). 

3. Binkley, F., J. Biol. Chem., 191, 531 (1951). 

4. Matsuo, Y., and Greenberg, D. M., Federation Proc., 16, 218 (1957). 

5. Anslow, W. P., Jr., Simmonds, S., and du Vigneaud, V., J. Biol. Chem., 166, 35 
(1946). 

6. Armstrong, M. D., J. Am. Chem. Soc., 70, 1756 (1948). 

7. Conway, E. J., Micro-diffusion analysis and volumetric error, London, 2nd edi- 
tion, 92 (1947). 

8. Archibald, R. M., J. Biol. Chem., 151, 141 (1943). 


‘Matsuo, Y., and Greenberg, D. M., unpublished results. 


ity | 
{80 
nly 

ly, 

of 
4). 
sa 

he 

I). | 

as 

he 
me 

e 
95, 

g- 
he 

ell 

of 

d- 
he | 
ad, 
no 
sly 
art | 
all 
lly 

of 

Is 
Its 
yn, 
he | 
en 

t 


560 HOMOSERINE DEAMINASE-CYSTATHIONASE., I 


. Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 

. Sayre, F. W., and Greenberg, D. M., J. Biol. Chem., 220, 787 (1956). 

. Weichselbaum, T. E., Am. J. Clin. Path., Tech. Suppl., 10, 40 (1946). 

. Green, A. A., and Hughes, W. L., in Colowick, S. P., and Kaplan, N. O., Methods 


in enzymology, New York, 1, 67 (1955). 


. Matsuo, Y., and Greenberg, D. M., J. Biol. Chem., 230, 561 (1958). 
. Binkley, F., in Colowick, 8S. P., and Kaplan, N. O., Methods in enzymology, 


New York, 2, 311 (1955). 


9 
10 
1] 
12 
13 


ods 


ey, 


A CRYSTALLINE ENZYME. THAT CLEAVES 
HOMOSERINE AND CYSTATHIONINE 


II. PROSTHETIC GROUP* 
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(From the Department of Physiological Chemistry, University of California 
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(Received for publication, September 3, 1957) 


The isolation of a yellow crystalline protein that possesses the enzymatic 
activities of homoserine deaminase and cystathionase, and certain of its 
physicochemical properties, has been reported (1, 2). The absorption 
spectrum of neutral solutions of the enzyme had, besides the protein peak 
at 280 my, an absorption maximum at 427 mu. It was proposed that 
this was due to the presence of bound pyridoxal phosphate (1). Evidence 
is presented in this communication to establish that pyridoxal phosphate 
is the prosthetic group of the homoserine deaminase-cystathionase. 


Materials and Methods 


The method of isolation of the crystalline enzyme is described in Paper 
I of this series (2). For the determination of absorption spectra, the 
enzyme was dialyzed against buffer or distilled water to remove most 
of the ammonium sulfate and the spectra were measured with a Beckman 
model DU spectrophotometer. All the samples were allowed to stand at 
room temperature for at least 20 minutes after being mixed to permit 
equilibration. The composition of each sample is given in the legends to 
Figs. 1 to 6. 

Spectrographic analyses of metal ions were performed by the American 
Spectrographic Laboratories, Inc., of San Francisco. According to the 
agency, the possible maximal error of the analysis is 50 per cent of the figure. 


Results 


Isolation of Chromophore from Crystalline Enzyme—To isolate the pros- 
thetic group, hydrochloric acid, to a concentration of 0.05 M, was added to 
15 ml. of a solution of the crystalline enzyme which contained approxi- 
mately 200 mg. of protein. Immediately upon acidification, the solution 
lost its yellow color and a white protein precipitate formed. After being 
allowed to stand for 30 minutes at 0°, the mixture was centrifuged for 30 
minutes at 20,000 X g and the sediment was discarded. The colorless 


* Aided by research grants from the Life Insurance Medical Research Fund, and 
the National Cancer Institute (grant No. CY-3175). 
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supernatant solution was adjusted to pH 10 by the addition of 2 m sodium 
hydroxide, which caused the solution to become yellow. To this solution 
was added approximately 0.2 ml. of an aqueous suspension of Dowex 
1-Cl-. Upon shaking, the resin particles assumed a bright yellow color 
and the liquid became colorless. The resin was collected on a micro- 
sintered glass filter, washed with distilled water, and then eluted three 
times with 1 ml. portions of 0.1 m hydrochloric acid. The colorless eluate 
was neutralized to pH 7 with 2 m sodium hydroxide, at which level it 
again turned yellow. 

Absorption Spectra of Isolated Chromophore—The absorption spectra 
of the isolated chromophore were measured in 0.1 m hydrochloric acid, 
0.1 m sodium hydroxide, and potassium phosphate buffer, pH 7.5 (Fig. 1). 
These spectra are identical in their important aspects with those measured 
on a synthetic pyridoxal phosphate preparation under similar conditions 
(3). Thus, in 0.1 m hydrochloric acid the isolated chromophore shows a 
major absorption maximum at 295 my and a minor one at about 340 my; 
in 0.1 mM sodium hydroxide the major peak appears at 388 my and the 
minor one at 298 my;! and at pH 7.5 the major peak is at 388 my and a 
lesser one at 330 mu. The spectra of the isolated chromophore differed 
slightly from those of the authentic pyridoxal phosphate in that the ab- 
sorption was generally higher in the 220 to 360 my region; this might be 
caused by the presence of a trace of residual protein or other contaminant. 

Reaction of Isolated Chromophore with Cyanide, Bisulfite, and Hydrozxyl- 
amine—Pyridoxal phosphate reacts with a number of carbonyl reagents 
and each complex shows a characteristic absorption spectrum (Fig. 2). 
It was found that the chromophore isolated from the crystalline enzyme 
reacts with the carbonyl reagents of Fig. 2 in the same manner, as judged 
from the spectra of the complexes (Fig. 3). Fig. 3 also contains the 
spectrum of the isolated chromophore measured in the presence of DL-a- 
amino-n-butyrate. The spectrum closely matches that of the Schiff base 
formed between pyridoxal phosphate and this amino acid (4). 

From the spectral studies described above, it is apparent that the chromo- 
phore isolated from the enzyme protein is pyridoxal phosphate. This 
view was further supported by means of paper chromatography. 

Paper Chromatography of Isolated Chromophore—To isolate the chromo- 
phore, an aliquot of a concentrated solution of crystalline enzyme was 
dialyzed against distilled water and then denatured by the addition of 
glacial acetic acid. The precipitated material was removed by centrifuga- 
tion at 28,000 X g for 30 minutes, and the clear, colorless supernatant 
solution was lyophilized to dryness. As the acid was removed from the 
solution, a yellow color appeared in the material being lyophilized. This 


1 With an authentic sample of pyridoxal phosphate this peak appears at 305 muy. 
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method of isolating pyridoxal phosphate from the enzyme is advantageous 
for chromatography, since it gives a solution of pyridoxal phosphate rela- 
tively free from inorganic salts. The dried residue was dissolved in a small 
quantity of water and applied on a sheet of Whatman No. 1 filter paper, 
the chromatogram was developed with a mixture of tert-buty] alcohol-formic 
acid-water (70:15:15), and the finished chromatogram’ was dried and 
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Fia. 1 
Fic. 1. Absorption spectra of isolated chromophore. O, in 0.1m HCl; @,0.1™ 
potassium phosphate buffer, pH 7.5; 0, 0.1 m NaOH. 


Fic. 2. Absorption spectra of pyridoxal phosphate (5.7 X 10-‘ m) in the presence 
of carbonyl reagents (3.3 X 10-3 Mm), measured in 0.13 m potassium phosphate buffer, 
pH 7.5. ©, sodium cyanide; @, sodium bisulfite; 0, hydroxylamine hydrochloride. 


Wave Length (mp) 
Fig. 2 


exposed to fumes of ammonia (3). A fluorescent spot appeared under 
ultraviolet light at the Rp of 0.30 which matched the spot produced by an 
authentic sample of pyridoxal phosphate. 

Reaction of Bound Pyridoxal Phosphate with Carbonyl Reagents—Since 
the chromophore that gives the yellow color to the enzyme was identified 
as pyridoxal phosphate, it was of interest to determine whether the bound 
chromophore would react with carbonyl reagents in the same manner as 
does free pyridoxal phosphate. Fig. 4 summarizes the result obtained. 

In the presence of cyanide the absorption peak of the enzyme at 427 
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my region was greatly reduced in height, and a new peak was formed at 360 
mu. It should be noted that the cyanohydrin of free pyridoxal phosphate 
has its absorption maximum at 320 mu. The 40 my shift of this peak to 
the longer wave length must be caused by interaction with the apoenzyme. 

In the case of bisulfite, it was apparent from the spectrum that less 
than half of the bound pyridoxal phosphate reacted with the reagent. The 
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Fic. 3. Absorption spectra of isolated chromophore in the presence of carbony! 
reagents (5.6 X 10-%) and an amino acid (0.13 M), measured in 0.13 mM potassium phos- 
phate buffer, pH 7.5. A, O, sodium cyanide; @, sodium bisulfite; B, @, hydroxyl- 


amine hydrochloride; 0, DL-a-amino-n-butyric acid. Concentration of isolated 
chromophore is the same as in Fig. 1. 


427 my peak was reduced in height, and a new peak appeared at 330 mu. 
Evidently the mode of binding of pyridoxal phosphate on the apoenzyme 
makes the coenzyme relatively unreactive toward bisulfite. 

The absorption spectrum of the enzyme in the presence of hydroxylamine 
did not have distinct peaks, as in the cases of cyanide or bisulfite, thus | 
giving a spectrum that was quite different from that of the oxime of pyri- 
doxal phosphate. However, the hump in the 330 mu region of the spectrum 
appears to represent the absorption peak of the oxime. 

Absorption Spectrum of Crystalline Enzyme at Various pH Values—The 
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variation of the absorption spectra of the crystalline enzyme with pH 
was measured between pH 4.0 and 10.5 and in 0.1 mM sodium hydroxide 
solution (Fig. 5). The buffer mixtures (final concentration 0.1 M) were 
sodium acetate-acetic acid, at pH 4.0 and 5.0; potassium phosphates, at 
pH 6.3 and 7.5; Tris-hydrochloric acid,? at pH 7.5 and 8.4; and sodium 
bicarbonate-sodium carbonate, at pH 9.5 and 10.5. The absorption spectra 


OO} 


Optical Density 


300 350 400 450 
Wave Length 

Fic. 4. Absorption spectra of crystalline enzyme (2.2 X 10M) in the presence of 
carbonyl reagents, measured in 0.13 M potassium phosphate buffer, pH 7.5. O, 
3.3 X 10-3 mM sodium cyanide; @,3.3 X sodium bisulfite; 7 10-4 m hydroxyl- 
amine hydrochloride; 0, no addition. 


obtained in the phosphate and Tris buffers, both at pH 7.5, were compared 
to study the effect of Tris on the spectrum, because the latter can react 
with free pyridoxal phosphate to form a Schiff base (4). The spectrum 
measured in Tris buffer had a noticeably lower intensity of the peak at 
427 mu; thus, the optical density at this wave length in phosphate buffer, 
pH 7.5, was 0.424, although in Tris buffer of the same pH the value was 
0.416. This depression of the optical density very likely is caused by a 


2 The abbreviations employed in this article are as follows: Tris, tris(hydroxy- 
methyl)aminomethane; EDTA, ethylenediaminetetraacetic acid. 
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slightly enhanced dissociation of pyridoxal phosphate from the apoenzyme. 
This also explains the inhibition of the enzymatic activities observed in | 
Tris buffer (2). 

From pH 4.0 to 8.4 the absorption spectrum of the enzyme showed 
little change, except for a shift of the absorption maximum of the 427 my 
region from 430 my at pH 4.0 to 424 my at pH 8.4. The height of this 
peak, however, remained unchanged, with the exception observed in Tris 
buffer, as noted above. | 


Optical Density 


350 400 450 
Wave Length (mp) 
Fic. 5. Variation of absorption spectra of crystalline enzyme (1.46 X 10-5 m) 
with pH. @, pH 4.0; O, phosphate, pH 7.5; pH 9.5;0,0.1mMNaOH. For buffers 
used, see the text. 


In 0.1 m sodium hydroxide solution an absorption peak appeared at 
388 mu. The magnitude of this peak was much lower than the 427 mu 
peak observed at the lower pH range. Between pH 9.5 and 10.5 the spectra 
showed a transition of the absorption maximum from 427 to 388 mu. 
Because pyridoxal phosphate could be removed from the enzyme by Dowex 
1-Cl in 0.1 m sodium hydroxide solution, but not at neutral pH, it is evident 
that the pyridoxal phosphate becomes dissociated from the apoenzyme in 
the 0.1 m alkali. Free pyridoxal phosphate has an absorption maximum 
at 388 my in alkali. Hence, it becomes possibie to calculate the magnitude 
of absorbancy of the bound pyridoxal phosphate from the ratio of the 


| 
OA 6? | 
of 
of 
| 
? 
ji? 
if 
0.2 / \ 
ig \ 
/ o \ 
\or 


Y. MATSUO AND D. M. .GREENBERG 567 


heights of the 427 my peaks and 388 my peak of Fig. 5. Assuming the 
Ex of free pyridoxal phosphate in 0.1 mM sodium hydroxide to be 6600 (3), 
the Emax of the 427 my peak of the bound pyridoxal phosphate at pH 4 to 8 
was calculated to be 8900 + 100. 

Reaction of Pyridoxal Phosphate with Partially Resolved Enzyme—In the 
experiment plotted in Fig. 6, the spectrum of a solution of well dialyzed 
enzyme (6.7 uM, assumed molecular weight 1.9 *K 10°) was determined 
in the presence and the absence of pyridoxal phosphate (5.3 um), in 


0.20 Enz + PLP 


Enz 


Optical Density 


Wave Length (m,) 

Fic. 6. Effect of addition of pyridoxal phosphate (5.3 X 10~*M) on the absorption 
spectrum of a partially resolved enzyme (6.7 X 10°* m). O, the graphical sum of 
the spectrum of pyridoxal phosphate and of enzyme. All spectra are measured in 
0.13 m potassium phosphate buffer, pH 7.5. 


0.13 m potassium phosphate buffer, pH 7.50. The O.D.427 of the solution 
containing enzyme alone was 0.175, and that of the pyridoxal phosphate 
solution 0.008. When both enzyme and pyridoxal phosphate were present, 
the O.D.427 of the solution was 0.205, indicating that the interaction of 
enzyme and pyridoxal phosphate caused an increase in optical density of 
0.022. Fig. 6 also shows that the enzyme-pyridoxal phosphate curve has 
its maximum at 426 my, while the sum of the enzyme and pyridoxal phos- 
phate curves has a maximum at 423 mug, and the enzyme alone has its 
absorption maximum at 427 my. These observations, together with the 
isolation of pyridoxal phosphate from the enzyme, establish that the 427 
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mu peak of the purified enzyme represents pyridoxal phosphate that is 
bound to the enzyme protein. 

In the 220 to 320 muy region of the spectrum, the curve of enzyme- 
pyridoxal phosphate followed very closely, and a little below, that of the 
arithmetic sum of the enzyme and pyridoxal phosphate curves. This 
signifies that the binding of pyridoxal phosphate on the apoenzyme does 
not produce a new absorption peak in this part of the spectrum. 

Number of Bound Pyridoxal Phosphate per Enzyme Molecule—This — 
was calculated for the assumed molecular weight of 1.9 * 10°, from the 
O.D.230 value of 0.664 per mg. of protein per ml. per 1 em. light path, and 
the estimated value of Emax of 8900 + 100 for the 427 mu peak of bound | 
pyridoxal phosphate. From these data the Hoo of the enzyme is 0.664 X 
1.9 X 10° = 1.26 X 10°, and the ratio of O.D.427/0.D.280, assuming a 
binding of 1 mole of pyridoxal phosphate per mole of enzyme, is 8900/- 
1.26 X 10° = 0.071. The values determined for the O.D.427/O.D.280 ratios 
in various preparations of the crystalline enzyme varied between 0.29 and 
0.20; the lower values were observed in preparations subjected to prolonged 
dialysis. 

These values give figures for the number of moles of pyridoxal phosphate | 
bound per mole of enzyme of from 4.1 to 2.8. From this result it is tenta- 
tively concluded that 4 moles of pyridoxal phosphate are bound to the 
apoenzyme in the “unresolved” enzyme. Obviously confirmatory evidence 
by other procedures is required to establish the validity of this figure. 
Among other things, a titration of the “resolved” enzyme with pyridoxal | 
phosphate, if this could be accomplished, would provide a final proof. — 
Such an experiment would also allow the determination of the dissociation 
constant of the apoenzyme for the coenzyme. 

Metal Content of Crystalline Enzyme—For preparation of the sample 
for spectrographic analysis, 9.5 ml. of a solution of crystalline enzyme, 
containing approximately 250 mg. of protein, were dialyzed extensively as 
follows: (1) 12 hours against 3 liters of 0.07 m potassium phosphate buffer, 
pH 7.2, containing 3 X 10-* m EDTA; (2) 12 hours against 3 liters of 0.02 
M potassium phosphate buffer, pH 7.2; (3) 12 hours each against three 3 
liter portions of distilled water, containing 10~-* m pyridoxal phosphate. 
The dialysis was carried out at 5° in dialysis bags that had been boiled for 
3 hours in 0.15 Mm EDTA, pH 7.5, and then soaked in distilled water. A 
polyethylene jar of 3 liter capacity that was washed thoroughly with 0.4 
mM hydrochloric acid and water was used as the container for dialysis. 

The activity of the dialyzed preparation was tested against pL-homo- 
serine under the standard conditions of assay (2); the decrease in specific 
activity after dialysis was within the range of experimental variation. 

The dialyzed enzyme was lyophilized, yielding 240 mg. of dried protein. 


| 
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229.8 mg. of the dry enzyme were then heated in a platinum crucible at 
about 300° for 4 hours, the crucible being: kept covered at all times. At 
the end, 110.0 mg. of a black residue remained in the crucible and 40 
mg. of this material (4.4 X 10-7 mole of enzyme) were analyzed for metals 
by emission spectrography. 

Table I lists the results of the spectrographic analysis. Some of these 
elements were not actually detected. However, they could have been 
contained in the sample to the maximal values indicated. It is apparent 
from Table I that, even if one allows a probable error of +50 per cent, the 
enzyme did not contain significant amounts of any metallic elements, 
except K and Na. 


TABLE I 
Metal Content of Crystalline Enzyme 
Metal 
gm. atoms per 1.9 K 105 gm. enzyme 

Na.. 0.8 
K* <10.2 
Fe 0.12 
Zn* <0.12 
Mn* <0.05 
Cu 0.002 
Co* <0.023 
Si* <0.16 
P 20 


* These elements were not detected. The maximal amount that could escape 
detection is listed. 


DISCUSSION 


The experimental results presented here demonstrate that the homo- 
serine deaminase-cystathionase of rat liver contains firmly bound pyridoxal 
phosphate, and that pyridoxal phosphate is responsible for the absorption 
peak at 427 my of the enzyme. 

The addition of pyridoxal phosphate was previously found to stimulate 
the activity of certain preparations of homoserine deaminase (5) and cysta- 
thionase (6-8). The present authors have also demonstrated that the 
activity of homoserine deaminase-cystathionase is increased by the addi- 
tion of pyridoxal phosphate.’ Furthermore, it has been shown that, in a — 
model reaction, pyridoxal and certain metal ions could catalyze the deamina- 
tion of homoserine (9). Therefore, it appears quite certain that pyridoxal 
phosphate is an essential constituent of the catalytic site of the enzyme 


3 Matsuo, Y., and Greenberg, D. M., unpublished observation. 
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under study. It is unlikely that the stimulation of enzyme activity is 
caused merely by some indirect mechanism such as the removal of an 
inhibitor of the system. 

Although the exact way in which pyridoxal phosphate is bound to the 
apoenzyme is as yet unknown, the spectral properties of the enzyme shed 
some light on this question. It has been demonstrated in the present 
study that the absorption spectrum of pyridoxal phosphate undergoes a 
profound change when it is bound to the apoenzyme. The spectral change 
consists of (1) a shift of the 388 my peak of pyridoxal phosphate to 427 
mu and (2) a concomitant increase (approximately 80 per cent) of the 
extinction at the wave length of the maximal absorbancy. This change 
of spectrum cannot be explained simply by assuming that the formy] 
group of the coenzyme molecule and some free amino group of the apoen- 
zyme react to form Schiff base, for the following reasons: (1) The formation 
of Schiff base causes a shift of the 388 my peak of pyridoxal phosphate 
to 410 to 415 my (4, 10), but not to 427 my; (2) the increase in the size of 
the peak is much smaller in the case of Schiff base formation (cf. Matsuo 
(4)); (3) an absorption peak is formed at about 280 my when pyridoxal 
phosphate reacts with amino acids or primary amines to form a Schiff base 
(4, 11), but this peak is not formed when pyridoxal phosphate is bound 
to the enzyme under consideration. However, it is still possible that the 
formyl group of bound pyridoxal phosphate actually forms a Schiff base 
with an amino group of the apoenzyme, and the resultant spectral change 
is further modified by the interactions of other reactive groups of the 
coenzyme and apoenzyme. That the spectral change of pyridoxal phos- 
phate in the presence of some carbony] reagents is modified when pyridoxal 
phosphate is bound to the enzyme has been demonstrated (cf. Fig. 4). 

Glutamic-aspartic transaminase of pig heart was found to be colorless 
at pH 8.5, but yellow at pH 4.8. The pK, of 6.2 was assigned for the 
dissociation determining this color change (12). The present authors 
could not demonstrate such a change in the absorption spectrum of their 
enzyme with pH (Fig. 5). This difference indicates that the mode of the 
coenzyme-apoenzyme interactio 1 is different in the two enzymes. It may 
be pointed out that, in the case of the transaminase, the E430 of the bound 
pyridoxal phosphate at pH 4.8 appears to be about 6900,‘ while E427 of the 
homoserine deaminase-cystathionase is 8900. 

Emission spectrographic analysis of the enzyme failed to detect signifi- 
cant quantities of the heavy metals which have been found to participate 
in the model reactions catalyzed by pyridoxal (9). Hence, any heavy metal 


‘Calculated from the heights of the absorption peaks at pH 4.8 and in 0.1 M 
sodium hydroxide, given in Fig. 1 (12), assuming F3ss of pyridoxal phosphate in 0.1 M 
sodium hydroxide to be 6600 (3). 
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ions that may play a catalytic role in the reaction must be added to the 
system. However, the enzyme is active on both substrates without the 
addition of any metal ions,® and no significant stimulation by the addi- 
tion of these has been found.’ Therefore, at least in the case of the enzyme 
here studied, it is not likely that metal ion chelation of the Schiff base 
intermediate, which is formed between coenzyme and substrate, represents 
the true mechanism of the enzymatic reaction. Presumably, in the 
presence of the enzyme protein metal ions are not required, though, in the 
model reaction system, metal ions have an essential function. A model 
system in which pyridoxal catalyzes transamination without metal ions 
has been reported (13). 


SUMMARY 


Evidence has been presented to establish that crystalline homoserine 
deaminase-cystathionase contains pyridoxal phosphate as the prosthetic 
group and that 1 mole of the enzyme contains 4 moles of pyridoxal phos- 
phate. Bound pyridoxal phosphate is responsible for the absorption peak 
at about 430 my in the absorption spectrum of the enzyme. The crystal- 
line enzyme does not contain any significant quantity of firmly bound heavy 
metal ions. | 
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5’ Except for Kt, which was present in the reaction medium in most cases. 
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BILE ACIDS 
VII. STRUCTURE OF ACID I* 


By S. L. HSIA, JOHN T. MATSCHINER,t THEODORE A. MAHOWALD,{ 
WILLIAM H. ELLIOTT, E. A. DOISY, Jr., SIDNEY A. THAYER, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis University 
School of Medicine, St. Louis, Missourz) 


(Received for publication, August 28, 1957) 


The isolation of a new bile acid, Acid I, from the bile of normal rats (1) 
and from urine of surgically jaundiced rats (2) has been reported in previous 
papers of this series. Furthermore, it has been shown that one of the 
products of metabolism of chenodeoxycholic acid (1, 3), of hyodeoxycholic 
acid (4), and of 7-ketolithocholic acid (5) in the rat is Acid I. Chemical 
studies demonstrated that Acid I is one of the four isomers of 3a,6,7- 
trihydroxycholanic acid, and a synthetic preparation of the acid was 
obtained by the reduction of 3a,6a-dihydroxy-7-ketocholanic acid (6) 
by the Meerwein-Ponndorf reaction. Since this method of preparation 
did not give satisfactory evidence of the orientation of the hydroxyls 
at carbons 6 and 7, other more informative methods of ascertaining the 
structure were explored. These studies, which indicate that Acid I is 
3a ,68 ,78-trihydroxycholanic acid, are reported in this paper. 


EXPERIMENTAL! 


Preparation of Acid I through Methyl 3a,6-Diacetoxy-7-1odocholanate 
([Ta)—The procedure of Barkley e¢ al. (7) in which iodine and silver 
acetate are used for hydroxylation was modified so that the intermediate 


* A preliminary report of the studies contained in this paper was presented at 
the meeting of the Federation of American Societies for Experimental Biology at 
Chicago, Illinois, April, 1957. 

t Present address, Virus Laboratory, University of California, Berkeley, Cali- 
fornia. 

t Present address, Institute for Enzyme Research, University of Wisconsin, Mad- 
ison 5, Wisconsin. 

1 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Specific rotations were taken inaldm.tube. Infrared spec- 
tra were determined in Nujol with a Perkin-Elmer spectrometer, model 21, with 
rock salt optics. The method of partition chromatography used was the same as 
described previously (1). We have abbreviated the designation of the fractions 
from this column according to the per cent of benzene in Skellysolve B. Each sol- 
vent mixture was collected in four portions. For example, 60-3 represents the third 
fraction of the eluate containing 60 per cent benzene in Skellysolve B. 
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iodohydrin acetate was separated and purified for further study. 190 
mg. of finely pulverized silver acetate were suspended in a solution of 432 
mg. of methyl 3a-acetoxy-A®*-cholenate (I) (8) in 50 ml. of acetic acid and 
2 drops of water. The mixture was agitated with a magnetic stirrer 
during the addition of 288 mg. of iodine in small portions. The color 
of iodine disappeared readily until the last few crystals were added; a 
small amount of silver acetate was added to decolorize the solution. The 
mixture was then diluted with water and extracted with ether; the extract 
was distilled, and the residual yellow oil (weight, 690 mg.) was chro- 
matographed on 25 gm. of silica gel. A mixture of Skellysolve B and 
ether (4:1) eluted a total of 529 mg. (86 per cent) of colorless syrup (IIa) 
which gave a positive Beilstein test. Since it decomposed readily, the 
syrup was stored in a refrigerator. See the accompanying scheme. 


AcO- 


HO OH 

194 mg. of the iodohydrin acetate (IIa) were refluxed for 1.5 hours with 
67 mg. of silver acetate in 25 ml. of acetic acid and 1 ml. of water. The 
mixture was diluted with water and extracted with ether. Evaporation 
of the ether left 150 mg. of yellow oil which were hydrolyzed with 4 per 
cent methanolic KOH. The product of hydrolysis was purified by parti- 
tion chromatography to yield 80 mg. of Acid I, m.p. 226-228°, [a]?®° +64° 
(c, 0.528, methanol); the identity of this material with authentic Acid 
I was confirmed by mixed melting point and by its characteristic infrared 
absorption spectrum. 
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Through Methyl 3a ,6-Diacetoxy-7-bromocholanate (IIb)—Since the iodo- 
hydrin acetate (IIa) was unstable, its bromme analogue was prepared. A 
solution of 384 mg. of bromine in 1.2 ml. of acetic acid was added slowly 
with constant stirring to a suspension of 410 mg. of silver acetate in 30 
ml. of acetic acid. The color of the bromine disappeared instantaneously 
with the precipitation of silver bromide. The supernatant pale yellow 
solution was decanted. To 20 ml. of this solution were added 550 mg. 
of methyl 3a-acetoxy-A®-cholenate (I). After 30 minutes at room tem- 
perature, the mixture was diluted with water and extracted with ether. 
The residue from the ether extract was crystallized repeatedly from a 
mixture of acetone and water to give 598 mg. (88 per cent) of the bromo- 
hydrin acetate (IIb), m.p. 153-154°, [a]?® +24° (c, 0.570, methanol). 
Admixture with the dibromide (IV) (m.p. 147-148°) depressed the melt- 
ing point about 20°. 

CxH.OcBr. Calculated. C 61.16, H 7.96, Br 14.03 
Found. “* 60.87, “ 8.39, “ 14.05 


The bromohydrin acetate (IIb) (70 mg.) was converted to Acid I (35 
mg., m.p. 226—228°) by the procedure used with the iodohydrin acetate. 
Mixed melting point with authentic Acid I gave no depression; the in- 
frared absorption spectrum was comparable to that of authentic Acid I. 

Through Methyl 3a-Acetoxry-6 ,7-dibromocholanate (IV)—The 6,7-di- 
bromide (IV) was prepared by the addition of a solution of 40 mg. of bro- 
mine in 1.2 ml. of acetic acid to a solution of 108 mg. of methyl] 3a-acetoxy- 
A®-cholenate (I) in 10 ml. of acetic acid. The color of bromine disappeared 
immediately; 30 minutes later the dibromide (IV) was precipitated by 
the addition of water to the reaction mixture. Repeated crystallization 
from a mixture of methanol, acetone, and water gave 100 mg. of white 
needles, m.p. 147-148°, [a}?> +52° (c, 0.650, chloroform). 


CzH2O.Brz. Calculated. C 54.93, H 7.17, Br 27.07 
Found. ** 55.05, “ 7.31, ‘* 26.90 


100 mg. of the dibromide (IV) were refluxed with 42 mg. of silver acetate 
in 10 ml. of acetic acid and 1 ml. of water. Silver bromide began to pre- 
cipitate in about 3 minutes; refluxing was continued for 1 hour. The 
silver bromide which was removed by filtration weighed 29 mg.; it rep- 
resented only 45 per cent of the theoretical amount. Consequently, 40 
mg. of silver acetate were added, and refluxing was continued for 2 hours. 
The reaction mixture was diluted with water and extracted with ether 
to yield 100 mg. of yellow oil which gave a positive Beilstein test. The 
oil was chromatographed on 5 gm. of silica gel and eluted with Skelly- 
solve B containing increasing amounts of ether. 6 mg. of oil which gave 
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a positive Beilstein test were eluted in the fraction composed of Skel- 
lysolve B-ether (1:1). The next fraction contained 42 mg. of an oil which 
gave a negative Beilstein test. It was hydrolyzed with 3 per cent meth- 
anolic KOH at room temperature, and the acid was fractionated by acetic 
acid partition chromatography to yield 25 mg. of Acid I, m.p. 226—228°. 
The identity of this material was established by mixed melting point 
determination and by its characteristic infrared spectrum. 

Hydroxylation with Osmium Tetroxide—A solution of 100 mg. of osmium 
tetroxide in 10 ml. of ether was added to a solution of 120 mg. of methy] 
3a-acetoxy-A®-cholenate (I) in 5 ml. of ether; after standing at room tem- 
perature overnight, the solvent was evaporated, and the black residue was 
refluxed with 1 gm. of sodium bisulfite in aqueous methanol for 3 hours. 
After cooling, white crystals appeared; the mixture was diluted with water 
and extracted with ether. 100 mg. of ether-soluble material were chro- 
matographed on 5 gm. of silica gel with benzene and increasing amounts 
of ether. The fractions eluted with benzene-ether (80:20) consisted of 53 
mg. of crystalline material melting from 175-185°. 40 mg. of needles, 
m.p 183-185°, were obtained from these combined fractions after crystal- 
lization from methanol. Hydrolysis of this material overnight with 5 
ml. of 3 per cent aqueous KOH and 10 ml. of methanol at room temperature 
gave 34 mg. of Acid I, m.p. 226—228°; its identity was established by mixed 
melting point determination and by its characteristic infrared spectrum. 


Determination of Structure of Halohydrin Acetates 


Dehalogenation of (IIa) and (IIb)—190 mg. of methy] 3a ,6-diacetoxy-7- 
bromocholanate (IIb) were refluxed for 18 hours with 2 gm. of W-2 Raney 
nickel (9) in a mixture of 25 ml. of ethanol and 10 ml. of water containing 
3 drops of acetic acid. The catalyst was removed by filtration; the filtrate 
was diluted with water and extracted with ether. Evaporation of the 
ether extract left 147 mg. of oil which gave a negative Beilstein test. 
This material was hydrolyzed with 4 per cent methanolic KOH by refluxing 
for 1 hour, and the product was fractionated by acetic acid partition chro- 
matography. 91 mg. of product were isolated from Fractions 20-4, 40-1, 
40-2, and 40-3, m.p. 206-208°, [a]?’? +34° (c, 0.497, methanol). Ad- 
mixture with a sample of 3a,68-dihydroxycholanic acid (m.p. 206—208°) 
did not depress the melting point. Reported values are as follows: m.p. 
205°, fa)” +23.1° (10); m.p. 208°, [a], +37° (11). The infrared spectrum 
of this preparation was comparable to that of an authentic sample of 
3a ,68-dihydroxycholanic acid. 

The iodohydrin acetate (IIa) (194 mg.) was also dehalogenated with 
W-2 Raney nickel in a mixture of acetone and water containing a small 
amount of acetic acid. After chromatography, 77 mg. of 3a,66-dihy- 


me 4a 
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droxycholanic acid were obtained, m.p. 206-208°, [a}?® +32° (c, 0.529, 
methanol). The infrared spectrum was comparable to that of a sample of 
3a ,68-dihydroxycholanic acid. 


CogH Calculated. C 73.41, H 10.27 
Found. 73.28, 10.27 


Formation of Epoxide (VI)—125 mg. of the bromohydrin acetate (IIb) 
were refluxed for 1 hour in 20 ml. of 4 per cent methanolic KOH. The 
product,? (VI), was crystallized several times from aqueous methanol, 
m.p. 177-178°, [a]22 +42° (c, 0.572, methanol). 


Co4H3304. Calculated. C 73.80, H 9.81 
Found. ‘* 73.40, “ 9.73 


The absence of unsaturation (tetranitromethane) and the depression 
of melting point upon admixture with 6-ketolithocholic acid and with 
6-ketoallolithocholic acid indicated that the product was an epoxide. 
This conclusion was substantiated by the opening of the epoxide ring to 
give a 68,7a-diol (Acid II). 


DISCUSSION 


Acid I has now been prepared from methyl 3a-acetoxy-A®-cholenate by 
three different procedures, hydroxylation with OsQO,, oxidation with iodine 
and silver acetate, and action of silver acetate on the 6,7-dibromide. 
Osmium tetroxide has been shown in a number of examples to be a reliable 
reagent for the cis addition of hydroxyl groups to double bonds (12-14). 
Hydroxylation of the A*-cholenate would be expected to proceed by “‘B”’ or 
“frontal” attack. In a recent report, Kagan (21) has concluded from a 
study of molecular rotation that the action of OsO, on A®-cholenates 
produces 66,78-glycols. 

The procedure for the oxidation of methyl 3a-acetoxy-A®-cholenate with 
iodine and silver acetate in wet acetic acid (7) has been used frequently 
(22-26) for the preparation of cis-glycols. The intermediate halohydrin 
acetate was investigated in order to assist in the elucidation of the structure 


2 The epoxide (VI) differs from its epimeric a-epoxide, m.p. 228-229°. Upon ad- 
mixture of the two epoxides, the melting point was depressed. The infrared spectra 
differ in the ‘‘fingerprint’’ region. The a-epoxide was prepared from methyl] 3a-ace- 
toxy-6a,7a-epoxycholanate (8) by alkaline hydrolysis or by epoxidation of 3a-hy- 
droxy-A®-cholenic acid with perphthalic acid and by refluxing methyl 3a-acetoxy- 
68-bromo-7a-hydroxycholanate with alkali. 

3 Other examples of ‘‘frontal’’ attack by OsO, are the formation of the 38,48-diol 
as the major product from A*-cholenic acid (15) and the 58,68-diol from a A5-3-ethyl- 
eneketal (16). ‘‘Rear’’ attack in ring A or B appears to be considerably more hin- 
dered in the cholanic acid series (17-20). 
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of Acid I. Since the iodohydrin acetate was an unstable oil, a crystalline 
bromo analogue was prepared. That these derivatives are orientated 
diaxially trans (27) was shown by conversion of the bromohydrin acetate 
to an epoxide with alkali.t Only the diaxially trans-halohydrins form 
expoxides (29); czs-halohydrins form ketones with alkali (30). After 
dehalogenation of either halohydrin acetate with W-2 Raney nickel and 
hydrolysis, 3a ,68-dihydroxycholanic acid was isolated, thus demonstrat- 
ing the presence of the 68-acetoxy group (axial) in the halohydrin acetate. 
Winstein and Buckles (31) have shown that trans- but not cis-acetoxyhal- 
ides, form cis-glycols in the presence of silver acetate in wet acetic acid 
and have proposed that the reaction proceeds through the intermediate 
orthoacetate. 

Since trans diaxial addition of halogen to a double bond is now generally 
accepted (32, 33), bromination of methyl 3a-acetoxy-A®-cholenate should 
give the 66,7a-dibromo derivative. This product was treated with 
silver acetate in wet acetic acid to obtain a glycol. In agreement with 
the observations of Winstein and Buckles (31) on trans-dibromides a cis- 
glycol was obtained, in this case Acid I. 

Previously we reported the preparation of Acid I from 3a ,6a-dihydroxy-7- 
ketocholanic acid by the Meerwein-Ponndorf reduction (6). Evidently 
inversion at carbon 6 takes place during the course of this reaction. Of 
several other derivatives of 7-ketocholanic acid examined (including 7-ket- 
olithocholic acid, its methyl ester, and both the 6a- and 68-bromo deriv- 
atives) the 7-keto group was found to be inert towards the Meerwein- 
Ponndorf reduction. The novel circumstances under which Acid I was 
first synthesized may have involved enolization of the 7-keto group to the 
6 ,7-enediol in equilibrium with a 7-hydroxy-6-ketone. The proton which 
shifts to carbon 7 during formation of the 6-ketone should preferentially 
become the axial 7a-hydrogen with the formation of the more stable equa- 
torial 78-hydroxyl group (34). Acid I could then result from reduction 
at carbon 6 rather than carbon 7. : 

The Meerwein-Ponndorf reduction of 3a,6a-dihydroxy-7-ketocholanic 
acid appears to be stereospecific, since no isomer of Acid I was found after 
reduction. In another unreported experiment, the Meerwein-Ponndorf 
reduction of the 6-keto group of 3a-hydroxy-6-ketocholanic acid gave a 
mixture of 3a,6a- and 3a,66-dihydroxycholanic acids. Tukamoto (10) 
reduced 3,6-diketocholanic acid by this method and obtained the four 


4 During their extensive studies on the chemistry of ring C related to deoxycholic 
acid, Long and Gallagher (28) prepared an epoxide from the 11,12-bromohydrin by 
treatment with silver acetate and correctly assigned a trans configuration (11£- 
bromo-12a-hydroxy) to the bromohydrin. The structure of this derivative was im- 
portant in the revision of the configuration of the 12-hydroxyl of deoxycholic acid. 
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isomers of 3,6-dihydroxycholanic acid. Apparently no allomerization 
takes place during the course of reduction of, the 6-keto group. 


SUMMARY 


Acid I has been prepared from methyl] 3a-acetoxy-A*-cholenate by hy- 
droxylation with OsQ,, solvolysis of the 6,7-dibromide, and oxidation with 
halogen and silver acetate and subsequent solvolysis. 3a,68-Dihydroxy- 
cholanic acid was obtained by dehalogenation and hydrolysis of the 6- 
acetoxy-7-halo derivative used to prepare Acid I. The logical conclusion 
of these observations is that Acid I is 3a,68,78-trihydroxycholanic acid. 
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VIII. METABOLISM OF 7-KETOLITHOCHOLIC ACID-24-C4 IN THE RAT* 


By THEODORE A. MAHOWALD,+t MAO WU YIN, JOHN T. MATSCHINER, } 
S. L. HSIA, E. A. DOISY, Jr., WILLIAM H. ELLIOTT, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, August 28, 1957) 


The metabolism of C'-labeled chenodeoxycholic acid in the rat results in 
the formation of two new trihydroxycholanic acids, Acid I and Acid II 
(1-4), which have also been isolated from the bile of normal rats (1) and 
from the urine of surgically jaundiced rats. Acid I is the major bile acid 
excreted by the latter type of experimental animals (5). Chemical studies 
on these new bile acids (3-6) have suggested that Acid I contains a 7£- 
hydroxyl group. The conversion of chenodeoxycholic acid to Acid I then 
would involve inversion of the 7a-hydroxy] group to the 78 orientation 
which was discussed in a previous publication (3). Therefore, as an aid in 
identifying the course of metabolism of chenodeoxycholic acid, as well as to 
observe the metabolism of a ketonic bile acid, we have extended our studies 
to the metabolism of C'*-labeled 7-ketolithocholic acid.! 


EXPERIMENTAL” 


Synthesis of 7-Ketolithocholic Acid-24-C'%—A mixture of 28 mg. of cheno- 
deoxycholic acid, previously labeled in the carboxy] position (2), and 56 


* A preliminary report of the studies contained in this paper was presented at 
the meeting of the Federation of American Societies for Experimental Biology at 
Chicago, Illinois, April, 1957. ; 

t Present address, Institute for Enzyme Research, University of Wisconsin, Mad- 
ison 5, Wisconsin. 

t Present address, Virus Laboratory, University of California, Berkeley, Cali- 
fornia. 

1 We have learned in a private communication from Dr. Bergstrém of a metabolic 
study of this acid in his laboratories. These investigators observed that ursodeoxy- 
cholic acid and Acid I are metabolites of 7-ketolithocholic acid in the rat. In addi- 
tion, their study of the metabolism of 78-tritiochenodeoxycholic acid in the rat led 
to the observation that during conversion to Acid I the label is lost, whereas the 
Acid II formed retains tritium. 

2 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Specific rotations were taken inaldm.tube. For a complete 
explanation of the method of chromatography used in this study, see Matschiner 
et al. (1). We have abbreviated the designation of the fractions from this column 
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mg. of unlabeled chenodeoxycholic acid was oxidized by 15.7 mg. of chromic 
oxide in aqueous acetic acid at 5°. The product was purified by partition 
chromatography.2 The labeled acid eluted in Fraction 40-1 was crystal- 
lized from a mixture of acetone and petroleum ether to yield 55 mg., m.p. 
204-206°, which were not depressed on admixture with authentic 7-keto- 
lithocholic acid (3). Radioassay of the crystals showed them to contain 
3.09 10° d.p.m. per mg.® 

Collection of Bile—Three adult male rats from the St. Louis University 
Colony were prepared for collection of bile by cannulation of the bile duct. 
Under light ether anesthesia, each animal received by stomach tube 
approximately 1 mg. of the labeled acid as the sodium salt in 1 ml. of 
water. The urine, feces, and bile were collected at regular intervals, 


TABLE I 
Recovery of C'4 in Bile, Urine, and Feces 


Time C™ recovered 


and aliquots were taken for radioassay. Table I shows the average daily 
recovery of C"* in the bile and the average total recovery in the urine and 
feces. Nearly all of the radioactivity was recovered in the bile with very 
little in the urine and feces. 

Fractionation of Bile—Methods for the fractionation of pooled bile from 


individual animals were the same as those previously described (2). Use | 


of the aqueous methanol and octanol-chloroform reversed phase partition 
column of Bergstrém and Norman (7) permitted the elution of nearly all 
of the biliary C in the taurine-conjugated fractions with an average of 5.3 
per cent appearing during subsequent elution. 

After alkaline hydrolysis of the conjugated bile acids, the ether-soluble 


according to the per cent of benzene in Skellysolve B. Each solvent mixture was 
collected in four portions. For example, 60-3 represents the third fraction of the 
eluate containing a mixture of 60 per cent benzene and 40 per cent Skellysolve B. 

3 A dilution experiment with authentic unlabeled chenodeoxycholic acid and the 
radioactive 7-ketolithocholic acid indicated that less than 1.0 per cent of the admin- 
istered radioactivity could have been in chenodeoxycholic acid. 
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hrs. per cent | 
Bile 0-24 59.7 
24-48 24.7 | 
48-72 8.9 
Urine 0-72 0.1 
Feces 0-72 0.1 
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acidic fractions were chromatographed on the 70 per cent aqueous acetic 
acid partition column previously described (1). The data obtained from 
fractionation of the bile of one animal are presented in Fig. 1; 2.42 « 10° 
d.p.m. were chromatographed. The principal radioactive zone (Fractions 
40-1, 40-2, 40-3, and 40-4) contained 82.7 per cent of the chromatographed 
C4, Smaller amounts of radioactivity appeared in subsequent fractions. 
The zone of elution of Acid I (Fractions 60-3, 60-4, 80-1, and 80-2) con- 
tained 11.1 per cent and that of Acid II (Fractions 80-4 and 100-1) 3.1 
per cent of the chromatographed radioactivity. 
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ELUATE 
Fia. 1. Chromatographic analysis of the free bile acids obtained from the bile of 
an animal given radioactive 7-ketolithocholic acid. The heights of the open bars 
indicate the percentages of the chromatographed C'*. The heights of the diagonally 
lined bars from the base line to the top indicate the mg. of cholic acid as determined 
by colorimetric assay (8). 


Identification of Metabolites of 7-Ketolithocholic Acid—Separate aliquots 
of the combined residues from Fractions 40-1, 40-2, 40-3, and 40-4 were 
diluted with either authentic 7-ketolithocholic acid, chenodeoxycholic 
acid, or ursodeoxycholic acid, and the mixtures were purified to constant 
specific activity. The results of this study with the bile of a single animal 
are given in detail. _ 

An aliquot, 7.65 X 10‘ d.p.m., amounting to 0.04 of the combined residues 
was added to 49.847 mg. of authentic 7-ketolithocholic acid, and the 
mixture was chromatographed on the acetic acid partition column used 
above. The diluted acid, which was eluted sharply in Fraction 40-1, was 
purified as follows: (1) The sample was crystallized three times from 
aqueous acetic acid to yield 38 mg. with a specific activity of 1.44 x 10' 
d.p.m. per mg. Crystallization from the above solvent was repeated 
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three more times to yield 22 mg. with a specific activity of 8.90 K 10 
d.p.m. per mg. The sample was then crystallized from a mixture of 
acetone and petroleum ether to yield 10 mg. with a specific activity of 
3.73 XK 10? d.p.m. per mg. (2) The acid was methylated and acetylated, 
and the product was crystallized six times from aqueous acetic acid to yield 
3 mg. of methy] 3a-acetoxy-7-ketocholanate with a specific activity of 
3.90 X 10? d.p.m. per mg.‘ (3) The ester was chromatographed on silica 
gel and subsequently crystallized three times from aqueous acetone to 
yield crystals with a specific activity of 3.76 XK 10? d.p.m. per mg. From 
the final specific activity it was calculated that 7-ketolithocholic acid 
contained 19.4 per cent of the chromatographed C™. 

An aliquot, 0.24 of the combined residues containing 4.41 & 10° d.p.m., 
was added to 74.992 mg. of chenodeoxycholic acid, and the mixture was 
chromatographed on an aqueous acetic acid partition column 4 times as 
large as the basic size previously described (1). The diluted acid eluted in 
Fraction 40-1 was crystallized four times from a mixture of ethyl acetate 
and petroleum ether, and the product was found to have a specific activity 
of 1.77 X 10° d.p.m. per mg. Three additional crystallizations from the 
same solvents gave 48 mg. of crystals with a specific activity of 1.29 « 10° 
d.p.m. per mg. Methyl 3a,7a-diacetoxycholanate was prepared as a 
derivative and crystallized three times from aqueous methanol, yielding 
27 mg. with a specific activity of 8.83 K 10? d.p.m. per mg. This material 
was chromatographed on silica gel and crystallized three times from aqueous 
methanol to yield crystals with a specific activity of 8.70 & 10? d.p.m. per 
mg. With this specific activity, chenodeoxycholic acid was calculated to 
contain 11.3 per cent of the chromatographed C™. 

In addition, an aliquot, 0.16 of the same combined residues containing 
3.06 X 105 d.p.m., was added to 22.488 mg. of ursodeoxycholic acid.5 
Chromatography of the mixture gave the results shown in Table II. Frac- 
tions 40-2, 40-3, and 40-4 were combined and crystallized three times from 
aqueous methanol, yielding 13 mg. of ursodeoxycholic acid (m.p. 202-203°) 
with a specific activity of 8.13 & 10% d.p.m. per mg. The sample was 
further crystallized two times from a mixture of acetone and petroleum 


~~4Throughout this paper the specific activities of derivatives are expressed as 
disintegrations per minute (d.p.m.) per mg. of parent acid. 

5 Ursodeoxycholic acid was prepared by reduction of 7-ketolithocholic acid with 
sodium in propanol according to the method of Kanazawa et al. (9). The product 
was purified by partition chromatography and finally crystallized from aqueous 
methanol; [a]% +55° + 2° (c, 0.504, methanol), m.p. 202-203°. The methyl ester 
was prepared as a derivative; [a], +57° + 2° (c, 0.530, methanol), m.p. 154-155°. 
Reported values for the acid are m.p. 197-198°, [a]p +53.2° (alcohol) (9); m.p. 203°, 
[a]? +57° (alcohol) (10). Reported values for the methyl ester are m.p. 152°, [a]p 
+58.6° (alcohol) (9). 
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ether, yielding 11 mg. The acid was methylated with methanolic hydrogen 
chloride (3 per cent), and the product was purified by crystallization from 
a mixture of ether and petroleum ether and finally from aqueous methanol. 
The crystalline ester had a specific activity of 8.02 X 10° d.p.m. per mg.; 
therefore, ursodeoxycholic acid contained 46.6 per cent of the chromato- 


TABLE II 
Chromatography of Isotopically Diluted Ursodeozycholic Acid 
Eluting solvent Volume cu Residue Specific activity 
per cent* ml, d.p.m. mg. d.p.m. per mg. 
20 100 
40-1 25 1.14 * 105 6 1.90 X 104 
40-2 25 5.27 X 104 7 7.53 X 108 
40-3 25 1.05 X 105 14 7.50 X 10% 
40-4 25 1.35 X 104 2 6.75 X 108 
60-1 25 


* Per cent of benzene in Skellysolve B. 


TABLE III 


Percentages of Chromatographed C14 Found in 7-Ketolithocholic, 
Chenodeorycholic, and Ursodeorycholic Acids 


Chromatographed C™ found in each acid 
: Amount eluted in 40 per 
Animal 
t be fract , 
cent benzene fractions Ursodeoxycholic 

per cent per cent per cent per cent 
82.7 19.4 11.3 46.6 
75.1 21.9 9.2 46.3 
81.5 25.2 9.3 48.5 
79.8 22.2 9.9 47.1 


* Three rats with bile fistulas, see the text. 


graphed C4. Table III summarizes the results of these studies of the 
nature of the C" in the 40 per cent fractions from the initial columns. 

The two zones of lesser elution of C' shown in Fig. 1 (Fractions 60-3, 
60-4, 80-1, and 80-2 and Fractions 80-4 and 100-1) were similar to the zones 
of elution of Acid I and Acid II, respectively. The metabolites in these 
fractions were subjected to dilution experiments with the appropriate 
authentic acid as previously described (1). The specific activities of the 
diluted acids remained constant during the experiment, indicating that the 
radioactivity in these fractions was present in Acid I and Acid II, respec- 
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tively. The results of these studies of the metabolism of 7-ketolithocholic 
acid are summarized in Table IV. The results previously obtained for the 
metabolism of chenodeoxycholic acid (2) are included for comparison. 


TaBLeE IV 


Metabolism of 7-Ketolithocholic Acid-24-C'4 and Chenodeozrycholic 
Acid-24-C in Rats with Bile Fistulas 


Product administered 
Metabolites 
7-Ketolithocholic acid | Chenodeoxycholic acid 
per cent per cent 
Chenodeoxycholic (3a,7a-diol) ............ 9.9 55 
Ursodeoxycholic (3a,78-diol).............. 47.1 2.5* 
7-Ketolithocholic (3a-ol,7-keto)........... 23.3 
Acid It 14.1 


* Subsequent to the observed conversion of 7-ketolithocholic acid to ursodeoxy- 
cholic acid, the appropriate chromatographic fractions, obtained after the adminis- 
tration of chenodeoxycholic acid-24-C'™, were reexamined for the presence of radio- 
active ursodeoxycholic acid. Approximately 2.5 per cent of the administered C™ 
was found in ursodeoxycholic acid in the bile of one animal. In another experiment, 
we have isolated 8 mg. of ursodeoxycholic acid from approximately 2.5 liters of rat 
bile (127 rat days). The acid was identified by melting point and mixed melting 
point of the acid and its methyl ester. 

+ Structure assigned on the basis of the evidence presented by Hsia et al. (3, 4, 6). 


DISCUSSION 


Table IV shows that 9.9 per cent of the C4 of the administered 7-keto- 
lithocholic acid is present in chenodeoxycholic acid. The ratio of the 
amounts of C'4 appearing in chenodeoxycholic acid and Acid II is the same 
in these experiments (Table IV, 9.9:3.6) as in the experiments in which 
labeled chenodeoxycholic acid is studied (55:20). On this basis, the labeled 
Acid II derived from 7-ketolithocholic acid-24-C'* may have been formed 
secondarily as a metabolite of chenodeoxycholic acid. The amount of 
Acid I that could have been formed in the same manner secondarily from 
chenodeoxycholic acid approximates one-fifth of the total radioactive 
Acid I obtained from 7-ketolithocholic acid. The remainder of the labeled 
Acid I found must originate from 7-ketolithocholic acid by some other 
pathway. 

According to the experimental observations (1) that only small amounts 
of ursodeoxycholic acid are obtained from the metabolism of chenodeoxy- 
cholic acid, (2) that ursodeoxycholic acid is the principal metabolite of 
7-ketolithocholic acid, and (3) that chenodeoxycholic acid is converted to 
Acid I, it appears that the course of the metabolism of chenodeoxycholic 
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acid to Acid I is not directly through 7-ketolithocholic acid. However, 
the conversion may take place by oxidation and subsequent reduction at 
carbon 7 after B-hydroxylation at position 6. Thus Acid II (3a,68,7a- 
trihydroxycholanic acid (5)) may be an intermediate in the formation of 
Acid I from chenodeoxycholic acid! according to Scheme 1: 


68,78-diol 


68, 7a-diol > 7-keto 


ScHEME 1. Formation of Acid I from chenodeoxycholic acid 


This would be consistent with the observation that Acid II is excreted in 
only trace amounts during obstructive jaundice in the rat, while Acid I 
becomes the principal bile acid (4, 11). Under such conditions bile acid 
levels in the tissues are elevated, and the acids remain in the animal for a 
longer period (2). 

The presence of both ursodeoxycholic acid and chenodeoxycholic acid 
in the bile of normal rats suggests that interconversion of hydroxyl groups 
at carbon 7 in the bile acid series may occur in this animal. The recovery 
of both epimers after the administration of 7-ketolithocholic acid is con- 
sistent with this view; however, the disproportion of epimers suggests that 
oxidation of the 7a-ol is insignificant in the normal rat. 


SUMMARY 


7-Ketolithocholic acid-24-C" was prepared from chenodeoxycholic acid- 
24-C and administered intragastrically to rats with cannulated bile 
ducts. 94.7 per cent of the C“ appeared in the fraction containing taurine 
conjugates. 

After hydrolysis, 14 per cent of the C* was found in Acid I, 3.6 per cent 
in Acid II, 47 per cent in ursodeoxycholic acid, 10 per cent in chenode- 
oxycholic acid, and 23 per cent in 7-ketolithocholic acid. 
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IX. METABOLITES OF HYODEOXYCHOLIC ACID-24-C' IN 
SURGICALLY JAUNDICED RATS* 


By JOHN T. MATSCHINER,t ROBERT L. RATLIFF, THEODORE A. 
MAHOWALD,{ E. A. DOISY, Jr., WILLIAM H. ELLIOTT, 
S. L. HSIA, anp EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis University 
School of Medicine, St. Louis, Missourt) 


(Received for publication, August 28, 1957) 


A previous report from this laboratory on the metabolism of hyode- 
oxycholic acid-24-C™ indicated an extensive metabolism of this material in 
rats with ligated bile ducts (1). Hydrolysis of the conjugated urinary acids 
obtained after administration of the labeled acid and chromatography of 
the free acids yielded little, if any, unchanged hyodeoxycholic acid. A 
large part (59 per cent) of the C'* was found to be eluted in a manner 
characteristic of trihydroxycholanic acids. Part of this radioactive 
material was chromatographically similar to Acid I which has previously 
been obtained from urine of surgically jaundiced rats (2). 

We have continued these studies on a larger scale, isolating and identi- 
fying several metabolites of hyodeoxycholic acid from the urine of rats 
with ligated bile ducts. One of these metabolites, Acid IV, is a new bile 
acid previously described as similar but not identical to hyocholic acid (1). 


EXPERIMENTAL! 


Preliminary Experiments—Subsequent to the observations alluded to 
above concerning a metabolite of hyodeoxycholic acid-24-C™“, data were 
obtained which indicated a stereoisomeric relationship between hyocholic 
acid and the metabolite. A tracer amount of the metabolite from rat 
bile (1.19 & 105 d.p.m. from Fraction 80-2 (1)) was diluted with 50 mg. of 
hyocholic acid, and the mixture was oxidized to obtain 3-keto-6 ,7-seco- 


* A preliminary report of the studies contained in this paper was presented at 
the meeting of the Federation of American Societies for Experimental Biology at 
Chicago, Illinois, April, 1957. 

+t Present address, Virus Laboratory, University of California, Berkeley, Cali- 
fornia. 

t Present address, Institute for Enzyme Research, University of Wisconsin, Mad- 
ison 5, Wisconsin. 

1 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Specific rotations were taken in aldm.tube. Infrared spec- 
tra were determined in Nujol with a Perkin-Elmer spectrometer, model 21, with rock 
salt optics. 
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cholanic acid-6 ,7-dioic acid as previously described (3). The bilianic acid 
(purified by chromatography) retained a specific activity? (2.15 x 10%) 
similar to that of the original mixture (2.38 X 10°). This specific activity’ 
was further retained during preparation and purification of the 2,4- 
dinitrophenylhydrazone, m.p. 219—220° (2.43 10%). 

It was also previously observed that one of the chromatographic zones 
of elution of C' observed in studies with hyodeoxycholic acid in surgically 
jaundiced rats was the same as that of the metabolite described above 
from rat bile (1). The urinary metabolite was examined; each experiment 
gave results similar to those obtained with the biliary metabolite (co- 
crystallization with hyocholic acid, partial chromatographic separation 
from hyocholic acid, and conversion to the same bilianic acid as obtained 


RADIOACTIVITY 
(d.p.m. x 10°75) 


DAYS 


Fic. 1. Administration (open bars) and average recovery (see footnote 4) (solid 
bars) of C!* in the urine of surgically jaundiced rats. All animals received approxi- 
mately 40 mg. of hyodeoxycholic acid-24-C" per day. 


from hyocholic acid). Since greater yields of the acid were obtained in 
surgically jaundiced rats, subsequent studies were carried out on this 
animal. 

Collection of Urine—Twelve adult male rats of the St. Louis University 
Colony weighing between 320 and 440 gm. were surgically jaundiced by 
doubly ligating and severing the bile duct. On the 5th postoperative day, 
each animal was given, by stomach tube, approximately 40 mg. (3.4 & 10° 
d.p.m.) of carboxyl-labeled hyodeoxycholic acid* as the sodium salt in 2 
ml. of water on 5 consecutive days. The urine and feces were collected 


2 Expressed as disintegrations per minute (d.p.m.) per mg. of parent acid. 

3 For a report of the preparation of the labeled acid see Matschiner et al. (1). The 
labeled acid used in these experiments was obtained by diluting the radioactive acid 
previously prepared with unlabeled hyodeoxycholic acid. The mixture was crystal- 
lized twice to insure homogeneity. The final product had a specific activity of 9.07 
X 103 d.p.m. per mg. 
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at 24 hour intervals during the period of administration and for 72 hours 
after the last administration. An aliquot of each collection of urine was 
analyzed for C" as previously described (4). Fig. 1 shows the recovery of 
C in this experiment. With the exception of the Ist day, the daily 
recovery of radioactivity in the urine during the period of administration 
was approximately the same as the amount administered. The total 
urinary recovery was 96 per cent. The combined feces of these animals 
contained less than 3 per cent of the administered C". 


MG. PER LITER OF ELUATE 


L.0 60 20 5S 6 
% O 20 + 40 + + 80 100° 


ELUATE 


Fig. 2. Chromatographic analysis of the free bile acids obtained from the urine 
of surgically jaundiced rats given hyodeoxycholic acid-24-C™. The heights of the 
open bars from the base line to the top indicate eluted solids in mg. per liter of elut- 
ing solvent. The heights of the solid bars indicate those parts of the solids which 
constitute radioactive material as calculated from the C' eluted and the specific 
activity of the administered acid. The diagonally lined bars represent the weight 
of cholic acid. The volume of eluate (L.) is given in liters, and the composition of 
the eluate (per cent CeHe) is given as the per cent of benzene in Skellysolve B. 


The combined urine from all animals, corresponding to 56 rat days and 
containing 1.45 < 10’ d.p.m. of radioactivity, was concentrated by lyo- 
philization and fractionated as previously described (2). After alkaline 
hydrolysis, the acidic, ether-soluble residue weighed 5.2 gm. and contained 
72.5 per cent of the urinary radioactivity. Fig. 2 shows the results of 
partition chromatographic analysis of this material in the aqueous acetic 
acid and benzene-Skellysolve B system. Approximately 40 per cent of 


‘Eight of the twelve animals survived the entire experimental period. In the 
event of an animal’s death, its contribution to the average data terminated at the 
end of the last full 24 hour period. 
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the C' was eluted in the hyodeoxycholic acid fraction® (Fractions 40-3, 
40-4, and 60-1). Acetylation of the residue and chromatography of the 
product in the acetic acid partition system gave 250 mg. of labeled hyode- 
oxycholic acid diacetate (m.p. 104-105°). A part of the diacetate was 
hydrolyzed to the free acid; m.p. 198-200°, mixed m.p. with authentic 
material 198—200°. 

The Acid I fractions (Nos. 60-3 and 60-4) contained approximately 26 
per cent of the chromatographed C'*. This material was identified by the 
isolation of 772 mg. of radioactive Acid I; m.p. 226—-228°, mixed m.p. with 
authentic material 226—228°; the infrared spectrum was comparable to 
that of authentic Acid I. On the basis of the specific activity of the 
crystals and the amount of acid isolated, at least 74 per cent of the C™ in 
these fractions was in Acid I. 

Since we were primarily interested in the fractions containing Acid IV, 
the fractions eluted with 80 per cent benzene were collected in ten portions 
(Fig. 2). Fractions 80-2, 80-3, and 80-4 contained 10 per cent of the 
chromatographed radioactivity and approximately 200 mg. of cholic acid 
(6). The combined residues were dissolved in a mixture of 2 ml. of pyri- 
dine and 2 ml. of acetic anhydride and allowed to stand at room tempera- 
ture for 22 hours; approximately 8 ml. of 50 per cent aqueous acetic acid 
were then added, and the mixture was briefly heated on a water bath. The 
product was extracted with ether and chromatographed in the acetic acid 
partition system to give the results shown in Fig. 3. After hydrolysis of 
the acetates eluted in Fractions 0-3 and 0-4 (triacetate) and in Fraction 
20-3 (diacetate),® subsequent chromatography in each case gave radio- 
active Acid IV. The new acid was eluted in Fractions 80-2 and 80-3 as a 
colorless oil which on slow crystallization from a mixture of acetone and 
petroleum ether gave small transparent crystals melting at 196°. The 
acid was later obtained from the same solvent mixture as needles exhibiting 
a double melting point (152°, resolidified about 160°, remelted at 189-191°, 
+36°). On thebasis of a dilution experiment with unlabeled hyocholic 
acid and radioactivity remaining from Fractions 80-1, 80-2, 80-3, and 80-4 
after isolation of Acid I and Acid IV, less than 1.2 per cent of the radio- 
activity present in these fractions could have been in hyocholic acid. 

The radioactive fractions shown in Fig. 2 immediately following the 


5 For a complete explanation of the method of chromatography used in this study, 
see Matschiner et al. (5). We have abbreviated the designations of the fractions 
from this column according to the per cent of benzene in Skellysolve B. For exam- 
ple, 40-3 represents the third fraction of the eluate containing 40 per cent benzene 
in Skellysolve B. 

6 A previous experiment had shown that the acetates of Acid IV, tentatively iden- 
tified as triacetate and diacetate, were separable from the triacetate and diacetate 
of cholic acid which are formed under the conditions of acetylation described in the 


text. 
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Acid IV fractions (Nos. 80-5, 80-6, and 80-7) contained approximately 2 
per cent of the chromatographed radioactivity. Acetylation of the com- 
bined residues as described above and chromatography of the product 
gave several zones of elution of C'*. The residue from one of these zones 
(Fractions 0-2, 0-3, and 0-4), after hydrolysis, gave 23 mg. of crystalline 
Acid II (m.p. 198-199°, mixed m.p. with authentic material 198—199°) 
with a specific activity of 1.10 10°d.p.m. per mg. The infrared spectrum 
was comparable to that of authentic Acid IT. 

The radioactive fractions immediately preceding hyodeoxycholic acid 
(Fig. 2, Fractions 20-3, 20-4, 40-1, and 40-2) contained approximately 13 
per cent of the chromatographed C'*. The combined residues from these 
fractions were also acetylated as described above, and the product was 
chromatographed on the acetic acid partition column. Crystallization of 
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Fic. 3. Chromatographic analysis of the product of acetylation of the combined 
residues of Fractions 80-2, 80-3, and 80-4 shown in Fig. 2. The heights of the bars, 
the volume of the eluate (L.), and the composition of the eluate (per cent CeH¢) are 
as described for Fig. 2, except that total eluted solids are indicated rather than mg. 
of solids per liter of eluting solvent. 


the residue from Fraction 0-2 gave 18 mg. of crystalline, but impure, 
radioactive 3a-acetoxy-6-ketoallocholanic acid. An aliquot was diluted 
with authentic 3a-acetoxy-6-ketoallocholanic acid; it was crystallized twice 
from aqueous methanol, twice from aqueous acetone, and then converted 
to its 2,4-dinitrophenylhydrazone. The specific activity remained con- 
stant after the first crystallization. The remainder of the crystalline 
material was methylated, crystallized, and subsequently hydrolyzed; 
chromatography of the product gave 9 mg. of pure 6-ketoallolithocholic 
acid (m.p. 192-195°, mixed m.p. with authentic material 192-195°) with a 


0-3, | 
the 
| 
was 
itic 
26 | 
the | 
‘ith 
to 
the | 
‘in 
[V, 
ns 
the | 
cid 
| 
sid | 
he 
‘id 
on | 
sa 
nd | 
he 
ng 
| 
ic | 
| 
1e | 
ns | 
ne | 
te 
1e 


594 BILE ACIDS. IX 


specific activity of 9.22 * 103 d.p.m. per mg.’ Investigation of Fraction 
0-3 indicated that it too contained the acetate of 6-ketoallolithocholic acid. 

The acetylated material recovered in Fraction 0-1 was hydrolyzed, and 
the product was chromatographed to give 56 mg. of radioactive 3a ,68- 
dihydroxycholanic acid ({a]2° +33°, m.p. 208-210°, mixed m.p. with au- 
thentic material 208-210°) with a specific activity of 9.09 * 10° d.p.m. 
per mg. The infrared spectrum was comparable to that of authentic 
3a,66-dihydroxycholanic acid. On the basis of the crystalline acids 
isolated and their specific activities, 44 per cent of the C" originally present 


TABLE I 
Specific Activities and Amounts of Bile Acids Isolated 


Bile acid Specific activity* 

(administered) .................... 9.07 
(recovered, diacetate)............. 9.08 250 

9.22 9 
9.09 56 


* The specific activities of the recovered or isolated acids are expressed as disinte- 
grations per minute per mg. of administered acid. 

1 The total urinary C studied was 1.45 X 107 d.p.m. which correspond to 1.6 gm. 
of administered labeled hyodeoxycholic acid. Of this C'*, 1.05 K 107 d.p.m. (1.16 
gm.) were chromatographed; 52 per cent of this C'4 was recovered in the crystalline 
compounds reported here. Most of the remaining C'* was composed of identified 
acids lost during purification. 


in Fractions 20-3, 20-4, 40-1, and 40-2 was accounted for as 6-ketoallo- 
lithocholic acid (6 per cent) and 3a,68-dihydroxycholanic acid (38 per 
cent). The remainder, 56 per cent, or 7 per cent of the total C'* chroma- 
tographed was composed of amounts of the two identified acids lost during 
purification and perhaps traces of unidentified compounds. 

Table I summarizes the data obtained in these experiments. Only two 
of the acids isolated (Acid I and Acid II) exhibited specific activities lower 
than that of the administered acid. These data show that none of the 


7 A sample of 6-ketoallolithocholic acid was prepared by the procedure of Wieland 
and Dane (7). The sample was purified by crystallization from a mixture of ace- 
tone, ethyl acetate, and petroleum ether and finally from aqueous methanol; m.p. 
194-195°, [a]> —9° (c, 0.1165, chloroform). The reported constants for this acid are 
as follows: m.p. 185-187° (7), 194°, [a]p —9° (chloroform) (8). 
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other acids isolated is a normal constituent of the urine of surgically 
jaundiced rats maintained on a diet of Purina laboratory chow. 


DISCUSSION 


The experiments reported above were designed in part to permit isolation 
of the new Acid IV which had been observed in previous tracer experiments 
(1). Since Acid IV and cholic acid were chromatographically inseparable 
in our hands, two other procedures were employed to assist in its isolation: 
(1) The excretion of cholic acid by surgically jaundiced rats decreases 
markedly after the first 3 postoperative days (2). ‘To minimize the amount 
of contaminating cholic acid, administration of labeled acid was not begun 
until 4 days following surgery. (2) A procedure was used which permitted 
the separation of the acetates of Acid IV and cholic acid; pure Acid IV was 
then obtained by hydrolysis and chromatography. This procedure has 
been found to lend itself, in general, to the isolation of bile acids from 
natural sources. A subsequent publication describes a study of the 
chemistry of Acid IV (9). 

The amount of hyodeoxycholic acid administered in these studies ap- 
parently exceeded the metabolic capacity of the experimental animals. 
Whereas previous experiments indicated nearly complete metabolism of 
1 mg. of labeled acid (1), at least 20 per cent of the bile acid recovered in 
these experiments was present after hydrolysis as unchanged hyodeoxy- 
cholic acid. 

The conversion of hyodeoxycholic acid to Acid I, Acid II, and Acid IV 
(9) in these experiments provides another example of hydroxylation at 
carbon 7 in the bile acid series by the rat. In this case, two of the metabo- 
lites are common to the acids cheno- and hyodeoxycholic acids. Since our 
evidence indicates that Acid II is 3a,68,7a-trihydroxycholanic acid (10), 
these data imply inversion of the hydroxyl at carbon 6 in the formation of 
Acid II from hyodeoxycholic acid. On the basis of evidence presented in 
another paper (11), this inversion also occurs in the formation of Acid I 
from hyodeoxycholic acid; a similar reorientation has already been sug- 
gested in the conversion of chenodeoxycholic acid to Acid I (8). 

The lower specific activity of Acid I as compared with that of the ad- 
ministered acid (Table I) is to be expected, since this acid has previously 
been described as the principal bile acid in the urine of surgically jaundiced 
rats maintained on a diet of Purina laboratory chow (2). The similar low 
specific activity of Acid II shows that it also is a normal constituent of 
rat urine under these conditions. 

The conversion of hyodeoxycholic acid to its 68 epimer observed in 
these experiments may proceed through the carbonyl derivative. The 
isolation of radioactive 6-ketoallolithocholic acid supports this view. This 
type of metabolic epimerization may occur normally in the hog. In 
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unpublished experiments we have isolated 83 mg. of 3a,66-dihydroxy- 
cholanic acid from 40 gm. of mixed free hog bile acids. The acid was 
identified by melting point, mixed melting point, optical rotation, and 
infrared absorption spectroscopy. Hyodeoxycholic acid and the allom- 


erized 6-keto derivative have already been isolated from hog bile (8, 12). | 


Allomerization of the 6-keto acid probably occurs during hydrolysis of the 
conjugated acids. The hydrolytic procedures employed are more vigorous 
than the conditions required in the preparation of 6-ketoallolithocholic 
acid from the normal compound (7, 8). 


SUMMARY 


After administration of approximately 40 mg. of hyodeoxycholic acid-24- | 


C'* per day to surgically jaundiced rats, 96 per cent of the C'* was recovered 
in the urine. Fractionation of the combined urine yielded several metabo- 
lites in crystalline form: Acid I, Acid II, Acid IV, 3a ,68-dihydroxycholanic 
acid, and 6-ketoallolithocholic acid, as well as some unchanged hyodeoxy- 
cholic acid. Acid I had previously been observed to occur in urine of 
jaundiced rats; in these studies, Acid II was also observed to be excreted 
under such conditions. The other acids arose entirely from the adminis- 
tered acid. Acid IV is a new acid isolated in these studies. 


The authors wish to express their appreciation to Dr. Claire E. Graham 
of The Wilson Laboratories, Chicago, Illinois, for the mixed bile acids from 
hog bile. 
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X. CHARACTERIZATION AND PARTIAL SYNTHESIS OF ACID IV* 


By S. L. HSIA, JOHN T. MATSCHINER,t THEODORE A. MAHOWALD,t 
WILLIAM H. ELLIOTT, E. A. DOISY, Jr., SIDNEY A. THAYER, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Lowis University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, August 28, 1957) 


During the study of the metabolism of hyodeoxycholic acid-24-C" in the 
rat (1) a metabolite which is similar, but not identical, to hyocholic acid 
was detected in the bile. More abundant production of this metabolite 
was obtained by administration of large amounts of hyodeoxycholic acid to 
surgically jaundiced rats. The new metabolite (Acid IV) was isolated 
from the urine of these animals and partially characterized (2). This 
report is a continuation of our studies on Acid IV. 


EXPERIMENTAL! 


Characterization—Acid IV isolated from urine of surgically jaundiced 
rats (2) was used for characterization. After crystallization from a 
mixture of acetone and petroleum ether, it melted at 152°, resolidified at 
about 160°, and remelted at 189-191°; [a]? +36° (c, 0.523, CH;OH). 
Infrared maxima were found at 3289, 1686, 1096, 1066, 1044, 1032, and 
1012 cm.-!. The sulfuric acid absorption spectrum showed maxima at 
309, 370, and 418 muy, characteristic of other trihydroxycholanic acids (4). 
The behavior of Acid IV in partition chromatography also suggested that 
this new acid is a trihydroxy acid; it was obtained from Fractions 80-2 and 


* A preliminary report of the studies contained in this paper was presented at 
the meeting of the Federation of American Societies for Experimental Biology at 
Chicago, Illinois, April, 1957. 

t Present address, Virus Laboratory, University of California, Berkeley, Cali- 
fornia. 

t Present address, Institute for Enzyme Research, University of Wisconsin, Mad- 
ison 5, Wisconsin. 

1 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Specific rotations were taken ina1ldm.tube. Infrared spec- 
tra were determined in Nujol with a Perkin-Elmer spectrometer, model 21, with rock 
salt optics. The method of partition chromatography used was the same as de- 
scribed previously (3). We have abbreviated the designation of fractions from this 
column according to the per cent of benzene in Skellysolve B. Each solvent mix- 
ture was collected in four portions. For example, 60-3 represents the third fraction 
of the eluate containing 60 per cent benzene in Skellysolve B. 
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80-3. Acid IV did not form a yellow color with tetranitromethane or 
react with 2,4-dinitrophenylhydrazine. Elementary analyses are con- 
sistent with the presence of 5 atoms of oxygen. 


CosH 4005. Calculated. C 70.55, H 9.87 
Found. 70.25, 9.61 


Oxidation by Periodic Acid—Quantitative studies of the rate of oxidation 
of Acid IV by periodic acid were carried out as described previously (4). 
88 per cent of Acid IV was oxidized in 5 minutes; 100 per cent was oxidized 
in 30 minutes. This rate of oxidation of Acid IV is slightly greater than 
that of Acid I (4). Cholic acid was not oxidized under similar conditions. 

Partial Synthesis of Acid IV—Methy] 3a ,6a-dihydroxy-7-ketocholanate 
(II) was prepared from 430 mg. of the acid (I) (4) with diazomethane. 
Despite repeated attempts at crystallization this ester remained an oil. 
The tetrahydropyranyl ether was prepared (5) by permitting the ester 
to stand overnight at room temperature with 4 ml. of redistilled dihydropy- 
ran containing 4 drops of concentrated HCl. The methyl ester was 
hydrolyzed with 600 mg. of KOH in 20 ml. of methanol and 5 ml. of water 
on a boiling water bath for 10 minutes. Without purification, 600 mg. of 
acidic material (III) thus obtained? were dissolved in 25 ml. of n-propanol 
and reduced with 2.3 gm. of sodium by adding the metal in small pieces to 
the refluxing solution. The tetrahydropyrany] ether linkages in the reduc- 
tion product (580 mg. of oil) were cleaved by refluxing in 25 ml. of acetic 
acid for 16 hours. After hydrolysis with 4 per cent KOH on a boiling 
water bath for 10 minutes, the free acids were separated by partition chro- 
matography. A crystalline acid was obtained from Fractions 60-4 and 80-1 
(melting point 240—243°), which on the basis of infrared absorption (1008 
cm.—') may be of the allocholanic acid series; [a]2° +31° (c, 0.549, methanol). 

See the accompanying scheme. 


Calculated. C 70.55, H 9.87 
Found. 70.28, 9.67 
Acid IV (109 mg.) was obtained from Fractions 80-2 and 80-3. After 
several crystallizations from a mixture of acetone and petroleum ether, the 
acid melted at 150—153°, resolidified at about 160°, and remelted at 184- 
188°; [a]? +36° (c, 0.380, methanol). 


CosHaoOs. Calculated. C 70.55, H 9.87 
Found. 70.35, 9.77 


2 Attempts to obtain the bistetrahydropyranyl ether (III) in pure crystalline 
form were ineffective. The yield of Acid IV from the chromatographically purified 
product was not greater than that from the crude reaction mixture. 
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Acid IV, which had been isolated from the urine of surgically jaundiced 
rats (2), exhibited the same behavior on crystallization and double melting 
points. A mixed melting point of the two samples showed no depression. 
The infrared absorption spectra of the two samples were comparable. 


OOH tooo 
CHAN2, I 


I 
HCI 
2. KOH 
COOH COOH 
Na 
1.HOAc 
2. KOH 
COOH 
HO” “OH V 
OH 
Acid 


Oxidation of Acid IV by Chromic Anhydride—A sample of 30.5 mg. of 
synthetic Acid IV was oxidized with 22.2 mg. of chromic anhydride in 
acetic acid as previously described (4). The product was chromatographed 
in the aqueous acetic acid partition system to yield 20 mg. of 3-keto-6,7- 
secocholanic acid-6 ,7-dioic acid in Fraction 80-2. The acid formed a gel 
with benzene and crystallized from a mixture of chloroform, ether, and 
petroleum ether, m.p. 138-143°; it resolidified and remelted at 209-211°. 
The bilianic acid was converted to its 2,4-dinitrophenylhydrazone and 
identified by its melting point at 219-220°, mixed melting point with an 
authentic sample at 219-220°, and infrared spectrum (4). 


DISCUSSION 


The data presented in this paper on the oxidation of Acid IV by chromic 
anhydride confirm earlier observations (2) that Acid IV is a 3a,6,7- 
trihydroxycholanic acid. The product of oxidation, 3-keto-6,7-seco- 
cholanic acid-6,7-dioic acid, has already been obtained from Acid I (4), 
hyocholic acid (4), and Acid II (6); thus all four acids are clearly related as 
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stereoisomers. ‘Together they comprise the four possible isomers of 
3a ,6,7-trihydroxycholanic acid.* 

It has already been established that Acid IV is not identical with hyo- 
cholic acid (1, 2). This fact is further substantiated by some of the 
physical properties reported in this paper. The same criteria may be 
applied to differentiate Acid I from Acid IV (4). Although some of the 
physical constants of Acid IV and Acid II are similar, the two acids have 
been separated by chromatography (2) and can further be differentiated on 
the basis of their reactivity toward periodic acid; Acid II is relatively 
resistant to this reagent (6). 

The partial synthesis of Acid IV was accomplished essentially by the 
reduction of a 7-keto group with sodium in n-propanol. Since alkaline 


allomerization of 3a ,6a-dihydroxy-7-ketocholanic acid had already been } 


observed (4, 9, 10), an ether of the starting material was prepared. The 
ether linkage at carbon 6 would obstruct ketonization at this position and 


hence prevent allomerization.4 The tetrahydropyran derivative was | 
chosen because of its relative ease of preparation and hydrolysis. Since | 


Elisberg et al. (12) obtained spatial isomers at position 2 in the pyran ring, 
the presence of such a mixture of isomers was anticipated in our prepara- 
tion. However, the formation of the bis ether was probably incomplete, 


since Acid IV was obtained in relatively poor yield and a second acid was | 


isolated with properties consistent with those of a trihydroxyallocholanic 
acid. 

A probable structure (see the accompanying scheme) of Acid IV can be 
assigned on the basis of several reported observations. The hydroxyl at 
carbon 6 should be a@ oriented, since (1) this orientation is the thermody- 
namically more stable equatorial conformation (13) and was already 
present and (2) formation of a tetrahydropyranyl ether and subsequent 
regeneration of the hydroxyl group have been observed to proceed without 
inversion (5, 12). The latter observation is also important in assigning 
a orientation to the oxygen at carbon 3. Reduction of 7-ketolithocholic 
acid with sodium in boiling propanol produces ursodeoxycholic acid in 
good yield (14). This is in agreement with other observations that sodium 
reduction produces equatorial alcohols (15-19). Therefore, the hydroxyl 
at carbon 7 in Acid IV should be £ oriented. 


3 In their elegant studies of the chemistry of the 11,12-glycols (of ring C) Gal- 
lagher (7) and Wintersteiner et al. (8) have meticulously investigated the reaction 
mixture after the Wolff-Kishner reduction of 3a,12-dihydroxy-11-ketocholanic acid 
and have isolated three of the four epimeric 11,12-diols. Because of their experience 
and the additional probability of allomerization at position 5, we have not investi- 
gated this method of reduction. 

‘ In unpublished experiments in these laboratories, Acid IV was not produced from 
3a, 6a-dihydroxy-7-ketocholanic acid by the action of sodium in n-propanol or by 
sodium amalgam in a mixture of ethanol and acetic acid (11). 
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It should be noted that assignment of 3a,6a,78-trihydroxycholanic acid 
as a probable structure for Acid IV is in. agreement with assignments 
already suggested for Acid I (3a,68,78-trihydroxycholanic acid (20)), 
Acid II (8a ,68,7a-trihydroxycholanic acid (6)), and hyocholic acid (3a,- 
6a ,7a-trihydroxycholanic acid (4, 10, 21, 22)). Further experiments 
regarding these structural assignments are in progress and will be reported 


later. 


SUMMARY 


Acid IV is demonstrated to be the fourth 3a,6,7-trihydroxycholaniec 
acid, isomeric with hyocholic acid, Acid I, and Acid II. The probable 
structure of Acid IV, as shown by chemical studies and the method of 
synthesis, is 3a ,6a ,76-trihydroxycholanic acid. 
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STUDIES ON THE INCORPORATION OF ISOTOPE FROM 
FORMALDEHYDE-C" AND SERINE-3-C" INTO THE 
METHYL GROUP OF METHIONINE* 


By AKIRA NAKAOf ano DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, May 23, 1957) 


Formation of the methyl groups of choline and methionine in vivo and 
in liver slices from formate, formaldehyde, and other 1l-carbon sources 
has been amply demonstrated (1-6). Further progress was made by 
Berg (7, 8), who established the incorporation of isotope from formate-C'* 
into the methyl group of methionine in a cell-free pigeon liver preparation. 
He further demonstrated that his enzyme system, which had been inacti- 
vated by dialysis or aging, could be reactivated by the addition of boiled 
extracts of either pigeon liver or brewers’ yeast. In microbial systems, 
Woods and coworkers (9-11) reported the incorporation of the 6-carbon of 
serine into methionine, with ATP,! inorganic phosphate, and vitamin By. 
serving to activate the system. With use of a sheep liver cell-free prep- 
aration we have been able to demonstrate the activating effect of Mgt, 
ATP, DPN, leucovorin or THF, and methionine for the incorporation of the 
label from formaldehyde-C" and serine-3-C™“ into the methyl group of 
methionine. A preliminary note has been published (12). Doctor e¢ al. 
(13) have just reported that a chick liver acetone powder extract catalyzes 
the incorporation of serine-3-C' and formaldehyde-C" into methionine. 
In their system, folic acid, homocysteine, Mg++, DPN, and ATP served as 
cofactors. 


EXPERIMENTAL 


Enzyme Preparation—Sheep liver, either freshly obtained or kept 
frozen at —30° in a deep freeze, was homogenized with 2 parts buffer, 


* Aided by research grants from the National Cancer Institute (No. CY-3175), 
the American Cancer Society (No. Met.-45), and the Life Insurance Medical Re- 
search Fund. 

t Prepared from a thesis for the degree of Doctor of Philosophy submitted by 
Akira Nakao to the Graduate Division, University of California, June, 1957. Pres- 
ent address, Laboratory Service, Veterans Administration Hospital, Palo Alto, 
California. 

1The abbreviations used are as follows: ATP, adenosine triphosphate; DPN, 
diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPN, 
triphosphopyridine nucleotide; TPNH, reduced triphosphopyridine nucleotide; 
THF, 5,6,7,8-tetrahydrofolic acid; Tris, tris(hydroxymethyl)aminomethane. 
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either 0.1 m Tris or 0.1 m phosphate, pH 7.3, for 2 minutes. The super- 
natant fluid obtained by centrifuging at 105,000 X g in a Spinco model L 
preparative centrifuge was used as the source of enzyme. Dowex 1-Cl- 
treatment, when carried out, was performed by slowly agitating 10 to 15 
per cent (wet weight per volume of liver supernatant fluid) of the resin with 
the enzyme extract for 15 minutes in the cold, and centrifuging to remove 
resin particles. 


Method of Incubation—Incubations were carried out in 20 ml. beakers | 


in a Dubnoff shaking metabolic incubator at 37° in an atmosphere of 
nitrogen unless otherwise noted. The total volume of samples varied from 
2.5 to3 ml. Where radioactive methionine was to be isolated and cleaved 
to obtain an assay of the methyl groups, the reaction was stopped by the 
addition of 2 ml. of 20 per cent trichloroacetic acid, to which was dissolved a 
weighed amount of carrier DL-methionine (150 to 200 mg.). 

Isolation of Methionine—The incubation mixture, the added carrier 
methionine, and trichloroacetic acid were thoroughly mixed by continued 


agitation in the Dubnoff metabolic incubator for 5 minutes. The contents | 


were transferred to a 12 ml. centrifuge tube and centrifuged, and the super- 
natant fluid was transferred to a porcelain evaporating dish. The residue 
was extracted once with 5 per cent trichloroacetic acid and centrifuged, and 
the supernatant fluid was added to the evaporating dish. The contents of 
the dish were slowly evaporated on a hot plate to a volume of 2.5 to 3 ml., 
neutralized with 5 Nn NaOH with bromocresol green as indicator, and the 
methionine was crystallized by the addition of 3 volumes of 95 per cent 
ethanol. After a period of at least 30 minutes, the methionine was re- 
covered by centrifugation, washed once with 80 per cent ethanol, and then 
again crystallized from hot water by the addition of ethanol. The re- 
crystallized methionine was dried by heating with an infrared lamp. After 
the initial careful addition of carrier methionine, the succeeding steps need 
not be quantitative. However, to standardize the final yield of methionine, 
careful techniques were used throughout. 

Assay of Methionine Methyl Group—The isolated, recrystallized methionine 
was cleaved with hydriodic acid by the method of Baernstein (14, 15). 
The methyl iodide liberated by this procedure was trapped in trimethyla- 
mine (16), and the tetramethylammonium iodide derivative was washed 
twice with 95 per cent ethanol, and plated on a 7.54 sq. cm. aluminum 
planchet and counted with a Geiger-Miiller end window counter. Correc- 
tion was made for self-absorption and the final values were expressed 
as total counts incorporated into methionine methyl groups. The recovery 
of radioactivity of methionine by this method agreed within 10 per cent 
with that obtained in duplicate samples in which resin column chromatog- 
raphy was utilized for the isolation of radioactive methionine. In the latter 
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case, the radioactivity found in methionine sulfoxide was added to the 
methionine radioactivity. 

Column Chromatography—Dowex 50-H*+ (200 to 400 mesh) was used in a 
column measuring 0.9 X 100 cm. Eluting solutions were 200 ml. of 1.5 N 
HCl, followed by 2.5 Nn HCl. 1.5 ml. fractions were collected in small 
polyethylene planchets (17), evaporated to dryness, and counted for radio- 
activity in a gas flow, internal sample Geiger-Miiller counter. 

Materials\—ATP, DPN, DPNH, and TPN were Sigma products. 
Methyl] methionine sulfonium salt was a gift from Dr. J. A. Stekol, thiazane- 
4-carboxylic acid was synthesized according to Wriston (18). THF was 
prepared by the catalytic reduction of folic acid by the method of O’Dell 
et al. (19), and leucovorin was generously provided by the Lederle Labora- 
tories. S-Adenosylhomocysteine was kindly provided by Dr. G. Cantoni 
and S-adenosylmethionine was prepared by the method of Cantoni (20). 
Formaldehyde-C™ was obtained from the Bio-Rad Laboratory, Berkeley, 
California, and pt-serine-3-C% and tu-methionine-C“H; from Isotopes 


| Specialites Company, Inc., Burbank, California. 


Results 


Cofactor Requirements for Incorporation of Isotope from Formaldehyde-C™ 
and Serine-3-C into Methyl Group of Methionine—The results obtained 
in the study of the cofactor requirements for the incorporation of 1-carbon 
compounds into methionine by the supernatant fluid fraction from sheep 
liver homogenate are summarized in Table I. The requirements for 
homocysteine, Mgt+, and ATP are immediately apparent, whether serine- 
3-C'4 or formaldehyde-C" was used as the 1-carbon source. 

The requirement for pyridoxal phosphate for the incorporation of isotope 
from serine-3-C" into methionine is suggested by the data, although the 
magnitude of activation is not sufficient to be conclusive. The small 
activation by pyridoxal phosphate for serine-3-C™ incorporation into 
methionine was reproducible, with 38 per cent activation being the greatest 
obtained. If pyridoxal phosphate is involved, the endogenous pyridoxal 
phosphate is apparently bound strongly to the enzyme. Pyridoxal phos- 
phate stimulates serine aldolase activity, the enzyme which reversibly 
forms serine from glycine and formaldehyde, and which quite likely is 
involved in the incorporation of the 8-carbon of serine into methionine 
(21-23). No activation was observed on the incorporation of formalde- 
hyde-C* into methionine by the addition of pyridoxal phosphate. In a 
preliminary note (12) we had reported a reversal of deoxypyridoxine inhibi- 

2 We wish to express our deep gratitude to Dr. J. A. Stekol, Dr. G. Cantoni, and 


the Lederle Laboratories for the particular compounds generously furnished by each 
of them as mentioned in this section. 
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tion of formaldehyde-C*™ incorporation into methionine by the addition of 
pyridoxal phosphate. However, this result could not be confirmed in 
later experiments. 

The activating effect of methionine for the methionine methyl group- 
synthesizing system is of interest, and this observation will be discussed 
more thoroughly below. 

The enhancement of isotope incorporation by the addition of DPN points 
to the requirement of a pyridine nucleotide for the reaction. DPNH, 
which was used in most of the subsequent experiments, was only 10 to 20 
per cent more effective than DPN. TPNH was found to be the most 


TABLE I 


Cofactor Requirements for Incorporation of Isotope from Serine-3-C' and 
Formaldehyde-C4 into Methionine Methyl Group 


Each vessel contained 20 wmoles of pt-homocysteine, 20 umoles of pL-serine-3-C™ | 
(14,100 c.p.m. per umole) or 11.4 wmoles of formaldehyde-C' (16,800 c.p.m. per | 
umole), 1 umole of L-methionine, 400 y of leucovorin, 10 zmoles of MgSO,, 20 umoles | 
of ATP, 2 umoles of DPN, 0.5 umole of pyridoxal phosphate, 200 wmoles of Tris buf- | 


fer, pH 7.3, and 1 ml. of enzyme. 


Counts in methionine methyl 
Omissions 
Serine-3-C4 Formaldehyde-C™ 

C.p.m. C.p.m. 
Pyridoxal phosphate.................... 14,400 4210 


active pyridine nucleotide, but not sufficiently better to mandate its use. 
Quite obviously, a source of pyridine nucleotide reduction exists in our | 
system. When formaldehyde or homocysteine was added to an acetone | 


extract of sheep liver containing DPN, an increase in absorption at 340 
my was obtained. In the case of formaldehyde, the rate of increase in 
absorption was sufficient to provide for the hydrogens necessary for the 
synthesis of methionine. Evidence that THF can reduce DPN has been 
presented by Jaenicke (24). 

Leucovorin addition gave no significant difference when serine-3-C" 
was used as the substrate. When formaldehyde-C™“ was the substrate, 
however, the extent of incorporation upon omission of leucovorin dropped to 
approximately 25 per cent of the complete system. A possible explanation 
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for this difference in behavior among these 1l-carbon sources may be due 
to two reactions known to occur in the system; (1), formaldehyde and 
homocysteine react non-enzymatically to give thiazane-4-carboxylic acid 
(18), and (2) formaldehyde and THF react non-enzymatically, yielding 
hydroxymethyltetrahydrofolic acid (25, 26). The THF in our system 
would presumably be formed from leucovorin through an enzymatic reac- 
tion which involves ATP (27). The first of these two reactions would 
serve to remove both formaldehyde and homocysteine from the system, 
thus lowering the substrate concentrations. The second reaction would 
serve to conserve formaldehyde by tying it up in an intermediate hydroxy- 
methyltetrahydrofolic acid form which, in all likelihood, is a step in the 


TABLE II 


Effect of Dowex 1-Cl- Treatment of Enzyme on Leucovorin and Tetrahydrofolic Acid 
Requirements for Methionine Methyl Group Synthesis 
Each vessel contained 20 umoles of pL-homocysteine, 20 umoles of formaldehyde- 
(9350 c.p.m. per umole), 1 umole of L-methionine, 10 umoles of MgSO,, 20 umoles 
of ATP, 2 umoles of DPNH, 0.5 umole of pyridoxal phosphate, 125 wmoles of Tris 
buffer, pH 7.2, and 1 ml. of enzyme. 


Conditions Counts 
c.p.m 
Untreated 2990 
- + leucovorin........ 250 4700 
Dowex-treated enzyme.................. 1410 
‘¢ leucovorin.... 250 2860 


reaction scheme leading to the biosynthesis of the methyl group of methio- 
nine. 

For a clearer demonstration of activity of folic acid derivatives, the 
enzyme preparation was treated with Dowex 1-Cl- and the effect of THI 
and leucovorin studied on the system (Table IT). THF was tested because 
the work on serine aldolase (21-23) had indicated that this folic acid 
derivative was a more immediate cofactor for 1-carbon transfers than was 
leucovorin. With the untreated enzyme, the activity upon omission of a 
folic acid derivative is considerable. Addition of 250 y (previously found 
to give maximal values) of leucovorin increased the yield about 20 per cent. 
Addition of 500 y of THF, however, caused a small inhibition. With 
Dowex 1 Cl--treated enzyme the synthesis of methionine fell to about 
one-third of that obtained in the untreated system, when no folic acid 
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derivative was added. And now, in the resin-treated system, the syn- 
thesis of methionine was enhanced to a greater degree by the addition of 
THF than by the addition of leucovorin. This led us to determine the 
optimal concentration of THF, with both formaldehyde and serine being 
used as the l-carbon sources (Fig. 1). With serine as substrate, Fig. 1 
shows that an optimal concentration of THF is obtained at about 200 


8000/- 


Serine 


: 


Formaldehyde 


Incorporated in c.p. 


1 l 1 i 
O 100 200 300 400 500 
THF Concentration (y) 

Fic. 1. The effect of tetrahydrofolic acid concentration on the incorporation of 
C4 from formaldehyde-C" and serine-3-C" into methyl groups of methionine. Each 
vessel contained 20 umoles of pL-homocysteine, 20 uwmoles of pL-serine-3-C™ (4900 
c.p.m. per zmole) or 20 umoles of formaldehyde-C™ (9350 ¢.p.m. per umole), 1 umole 
of t-methionine, 10 wmoles of MgSO,, 20 umoles of ATP, 2 umoles of DPNH, 0.5 
umole of pyridoxal phosphate, 100 umoles of Tris buffer, pH 7.3, and 1 ml. of Dowex- 
treated enzyme. 


y per incubation vessel, beyond which an inhibitory effect becomes evident. 
Whether this effect is produced by THF or is caused by impurities in the 
THF preparation has not been determined. With formaldehyde as 
substrate, there is a rapid increase in the activity of the system with 
increase in addition of THF up to a level of 150 y of THF, at which point 
the yield levels off. The difference in activation by leucovorin and by THF 
is not great enough to draw any conclusion as to which of these two reduced 
folic acid derivatives is the more immediate cofactor in methionine methyl! 
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group synthesis. However, studies on the biosynthesis of the methyl 
group of thymine demonstrated that THF is the required cofactor (28). 
Effect of Gas Phase on Synthesis of Methionine Methyl Group—In Fig. 2 
the incorporation of isotope into methionine with time is plotted under 
aerobic and anerobic conditions. Contrary to the findings of Berg (8), 
we obtained almost no synthesis of methionine under aerobic conditions. 
An experimental difference which may possibly explain the conflict in data 
is in the manner of incubations. Our incubations were carried out with 
rapid shaking, and the aerobic experiments were performed under oxygen. 
Berg’s aerobic experiments were carried out in air in centrifuge tubes, and 


E Serine-3-C'* 
(Nitrogen) 

O 
10000+ 
14,.,- 
Formaldehyde —C (Nitrogen) 
S 

oO 

= 7 Formaldeh 
a ormaldehyde-C (Oxygen) 
° 
O 2000+ Serine-3-C'* (Oxygen) 

4 
2 3 4 


Time in Hours 


Fic. 2. The effect of the gas phase on the synthesis of the methionine methy] 
group. Additions were identical with that given in Fig. 1, except that 200 y of 
leucovorin were added instead of THF. 


whether shaking was done was not mentioned. The inhibition brought 
about by oxygen is probably due to the instability of some of the reduced 
folic acid derivatives to oxygen. 

Incorporation of Isotope from Formaldehyde-C“ and Serine-3-C™ into 
Methionine. An Exchange Process or Synthetic Process?—The possibility 
that the incorporation of labeled formate into methionine observed by 
Berg (8) might be the result of an exchange process rather than a true 
synthesis of methionine has been raised by Sloane et al. (29). These 
authors were unable to demonstrate a net increase in methionine with use 
of a system similar to that employed by Berg. In Table I there are con- 
tained data which show that the addition of methionine to the incubation 
system did indeed increase the yield of isotope incorporation into methio- 
nine. This would seem to lend credence to the suggestion of Sloane et al. 
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Additional data on the promoting effect of methionine on the reaction are 
given in Fig. 3, in which case varying amounts of methionine were added 
to the incubation mixture before the start of the incubation. The figure 
indicates that the addition of methionine to the system markedly affects 
the amount of label from serine-3-C™ that is incorporated into methionine. 
Addition of 0.3 umole of methionine to a total incubation volume of 3 ml. 
gave an almost 5-fold increase in incorporation. This effect of added 
methionine varied greatly with different enzyme preparations, however. 
Whether variabilities in endogenous methionine can account for these 
differences is not known. 
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Fic. 3. The effect of added methionine on the incorporation of isotope from serine- 
3-C'4 into the methyl group of methionine. Each vessel contained 20 yumoles of 


pL-homocysteine, 20 umoles of pL-serine-3-C!! (13,400 ¢.p.m. per umole), 10 umoles 


of MgSO,, 20 umoles of ATP, 2 umoles of DPN, 200 umoles of Tris buffer, pH 7.3, 
and 1 ml. of enzyme. 


The added methionine could be exerting its activating effect in one 
of three ways: (1) added methionine exchanges its methyl group, in some 
manner, with a labeled 1-carbon source as suggested by Sloane and co- 
workers (29); (2) the added methionine enters into the biosynthetic mecha- 
nism, but does not participate in the over-all net reaction; (3) added 
methionine serves as a trapping pool to prevent utilization of biosynthesized 
methionine by other metabolic reactions in the crude enzymatic system 
employed. In Table III, there are reported data which suggest that the 
incorporation of the label from both formaldehyde and serine into methio- 
nine is indeed a synthetic process and not one of exchange. The data, 
however, do not permit distinguishing between the alternative second and 
third explanations above. Experiments 3 and 6 show that inert formalde- 
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hyde and serine do not dilute the methionine-C“H; added to the reaction 
media. Dilution would have been expected if the 1-carbon sources were 
exchanging with the added methionine. Furthermore, the sum of the 
labeled methionine methyl groups in Experiments 3 and 5, in which either 
labeled methionine or labeled serine was used, approached that found in 
Experiment 4, in which both methionine and serine were labeled. Simi- 
larly, the sum in Experiments 6 and 8 approached the value found in 
Experiment 7. With the specific radioactivities of the added methionine 
methyl group, carbon 3 of serine, and the formaldehyde carbon being of 


TaBLeE III 


Incorporation of Label from Serine-3-C™ and Formaldehyde-C™ into Methionine 
Methyl Group: Evidence for Synthetic Process 

Kach vessel contained 20 umoles of pL-homocysteine, 1 wmole of L-methionine or 
L-methionine-C'4H, (16,600 c.p.m. per umole), 10 wmoles of MgSQ,, 20 of 
ATP, 2 umoles of DPN, 200 umoles of Tris, pH 7.3, and 1 ml. of enzyme. Experi- 
ments 3 to 5 included 20 wmoles of pL-serine or pL-serine-3-C! (14,100 c.p.m. per 
umole). Experiments 6 to 8 included 11.4 umoles of formaldehyde or formaldehyde- 
C' (16,800 c.p.m. per wmole), and 200 y of leucovorin. 


Experiment No. Additions Counts — 
C.p.m 
1 Methionine-C4H;* 16,600 
2 as 14,180 
3 ” + serine 14,200 
4 vos + serine-3-C!4 19,100 
5 Methionine + serine-3-C!*. 6,350 
6 Methionine-C'H; + formaldehyde 14,500 
7 + formaldehyde-C™ 21,100 
8 Methionine + formaldehyde-C"4 5,780 


* Zero time control. 


like magnitudes, an exchange process would have resulted in a labeled 
methionine recovery in Experiments 4 and 7 approximately equal to that 
in Experiment 2. 

Column Chromatographic Study of Reaction Products—In an effort to 
discover any possible intermediates that might be formed by the enzyme 
system, the incubation medium was chromatographed on a Dowex 50-H* 
column. Theradioactivity spectrum thus obtained is plotted in Figs. 4 and 
5. In Fig. 4, where serine-3-C“ was the 1l-carbon source, the following 
radioactive peaks have been identified by means of paper chromatography: 
peak C was serine, peaks D and E gave spots identical with methionine 
sulfoxide, peak F was primarily thiazane-4-carboxylic acid, with a small 
amount of methionine sulfoxide, peak G was methionine, and peak H was 
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Fia. 4. Radioactivity spectrum obtained from Dowex 50 column chromatography 


of reaction products with serine-3-C" as the l-carbon source. 


Additions were the 


same as those in Table I, except that pL-serine-3-C" had an activity of 53,100 c.p.m. 
Enzyme consisted of 0.5 ml. each of the 30 to 40 per cent, 40 to 50 per 
cent, and 60 to 100 per cent saturated ammonium sulfate fractions of sheep liver 


per umole. 
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Fig. 5. Radioactivity spectrum obtained from Dowex 50 column chromatography 
of reaction products with formaldehyde-C" as the l-carbon source. Additions were 
the same as those in Fig. 4, except that formaldehyde-C"™ (69,800 c.p.m. per umole) 
was used in place of serine. 
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cystathionine. When formaldehyde-C“ was the substrate (Fig. 5) a 
similar radioactivity spectrum was obtained with the main differences 
being the absence of the serine and cystathionine peaks and the great 
increase in the amount of radioactivity incorporated into thiazane-4- 
carboxylic acid. In Fig. 5, peaks B, C, and D included methionine sul- 
foxide, peak E was thiazane-4-carboxylic acid, and peak F was methionine. 
Most, if not all, of the methionine sulfoxide obtained was quite likely an 
artifact produced on the Dowex 50 column during the chromatographic 
procedure (30, 31). 

Cystathionine and Thiazane-4-carborylic Acid As Intermediates in Methio- 
nine Methyl Group Synthesis—Among the radioactive compounds identi- 
fied, cystathionine and thiazane-4-carboxylic acid are possible interme- 
diates for the biosynthesis of the methyl group of methionine. Berg (8) 
had identified cystathionine as one of the products formed in the pigeon 


TABLE IV 
Evidence against Thiazane-4-carborylic Acid As Intermediate in Methionine Synthesis 


Additions to each vessel were the same as those listed in Table I, except that 
DPNH was used in place of DPN. Formaldehyde-C" was the 1-carbon source. 


Additions Counts in methionine methyl] 
C.p.m. 
Thiazane-4-carboxylic acid, 20 wmoles................... 1850 


liver system, but had eliminated this compound as an intermediate in 
methionine synthesis. We recovered the radioactive cystathionine from 
the column chromatographic experiment and incubated it with our enzyme 
preparation. Negligible incorporation of radioactivity into methionine 
was obtained, thus confirming Berg’s results. The possible role of thiazane- 
4-carboxylic acid was studied by using it as a diluent pool in the synthesis 
of methionine from formaldehyde-C“ and homocysteine (Table IV). 
The observed reduction of only 20 per cent in the radioactivity of the iso- 
lated methyl of methionine when thiazanecarboxylic acid was added 
as a pool, as compared to the incubation in which no such pool was added 
would seem to rule out this compound as an intermediate. The small 
reduction in isotope incorporation probably results from a partial hydrolysis 
of thiazanecarboxylic acid to formaldehyde and homocysteine. These 
findings with thiazane-4-carboxylic acid confirm the recent report by 
Wriston and Mackenzie (32). 

Methyl Methionine Sulfonium Salt As Intermediate in Methionine Methyl 
Group Biosynthesis from 1-Carbon Sources—Methy] methionine sulfonium 
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salt has been shown to transmethylate homocysteine in microbial systems 
(33-35), and could also substitute for the nutritional methionine require- 
ments in animals (36). This raises the possibility that this compound 
could function as an intermediate in the biosynthesis of the methyl group 
of methionine from 1-carbon compounds. Table V shows the effect of 
adding varying amounts of methyl methionine sulfonium to the incubations 
on the incorporation of the label of formaldehyde-C™ into the methyl 
group of methionine. As controls, experiments have been run with varying 
amounts of methionine added. Rather than diluting the radioactivity 
isolated in the methyl group of methionine, the results indicate that, 


TABLE V 
Evidence against Methyl Methionine Sulfonium Salt As Intermediate in Methionine 
Methyl Synthesis from Formaldehyde-C 
Each vessel containing 10 umoles of MgSOx,, 20 umoles of ATP, 250 y of leucovorin, 
200 umoles of Tris buffer, pH 7.3, and 1 ml. of enzyme was preincubated for 45 min- 


utes under nitrogen. Then 20 umoles of homocysteine, 2 umoles of DPNH, and 20 | 


umoles of formaldehyde-C" (9350 c.p.m. per umole) were added, plus the additions 
listed. Incubated for 75 minutes. 


Additions Counts in methionine 

pmoles c.p.m. 
Methionine... ; 1 5970 
Methyl methionine 1 4120 
Methionine. . 2 6150 
Methyl methionine sulfoniom.. 2 4300 
Methionine. . 4 6050 
Methyl methionine sulfenium.. 4 4880 
Methionine, homocysteine omitted. . 2 50 


after an initial slight drop of activity upon addition of the methyl methio- 
nine sulfonium salt, further addition resulted in an increased incorporation 


of C™ from formaldehyde into methionine. This proves that the incorpora- | 


tion of the label of formaldehyde-C" into methionine is not by way of 
methyl methionine sulfonium. The increase observed in the incorporation 
of C'* with increased concentration of the sulfonium salt can probably be 
attributed to a limited conversion of the sulfonium salt to free methionine. 
In a comparable experiment, added methyl methionine sulfonium salt was 
isolated after the incubation by passage through a Dowex 50-H*t column 
with HCl (1.0 to 4.0 N) as the eluent. The methyl methionine sulfonium 
salt fraction was then chromatographed on paper and found to be without 
radioactivity. This further confirmed that this compound was not on the 
pathway by which formaldehyde-C" was incorporated into methionine. 
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S-Adenosylmethionine As Intermediate in Methionine Methyl Group 
Synthesis frem 1-Carbon Sources—Both ATP and methionine have been 
demonstrated to increase the incorporation of isotope from formaldehyde- 
C" and serine-3-C" into methionine. Whether the enhancing effect of these 
two compounds could be replaced by the addition of S-adenosylmethionine 
was tested, since Cantoni (37) had demonstrated that S-adenosylmethionine 
was formed enzymatically from methionine and ATP. Table VI shows 
that S-adenosylmethionine did not substitute for either methionine or ATP, 
and, in fact, severely inhibited the incorporation of isotope into methionine. 
This rules out S-adenosylmethionine as an activator of the system, but 


TABLE VI 
S-Adenosylmethionine As Possible Participant in Methionine Methyl Group Synthesis 
from Serine-3-C" 
Each vessel contained 20 umoles of pL-homocysteine, 20 umoles of pL-serine-3-C!4 
(5880 c.p.m. per zmole), 10 umoles of MgSO,, 20 wmoles of ATP, where added, 0.5 


| umole of pyridoxal phosphate, 400 7 of THF, 2 umoles of DPNH, 200 umoles of Tris 


buffer, pH 7.3, and 1 ml. of Dowex-treated enzyme. 


Additions Counts 

pmoles C.p.m. 

‘methionine .. 1 6220 

Methionine. 1 200 

Adencsyimethionine. . 1.1 160 

ATP + B-cdenceytmathionine.. 1.1 1790 

+ S- adenosylmethionine. 1.1 1810 

S-Adenosylmethionine. . 4.7 180 
ATP + methionine.. 1 

.. 4.7 360 


- suggests that this compound may competitively inhibit a particular step 
in the reaction scheme. Conceivably, S-adenosylmethionine might even 


be a component in the system, and its apparent inhibition of isotope in- 
corporation into methionine may be due to a diluting effect. 

Reaction of Homocysteine with ATP to Form S-Adenosylhomocysteine— 
In the course of attempts to adapt the Dubnoff-Borsook modification of 
the McCarthy-Sullivan method (38) for assaying methionine, consistently 
higher ‘‘methionine” synthesis values were obtained by the colorimetric 
method than by the radioactivity assay. Investigation disclosed that the 
“methionine” color could be obtained upon incubation, even by leaving 
out l-carbon sources, and simply incubating homocysteine and ATP with 
the enzyme preparation (Fig. 6). This suggested the possibility that 
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homocysteine and ATP were reacting to form S-adenosylhomocysteine. 
This compound is a thio ether which would react positively in the 
McCarthy-Sullivan colorimetric assay. Cantoni and Scarano (39) had 
demonstrated S-adenosylhomocysteine to be the product which results from 
the transfer of the methyl group of S-adenosylmethionine to guanidoacetic 
acid. To demonstrate the formation of S-adenosylhomocysteine in our 
enzyme system, the procedure used by Cantoni and Scarano (39) was em- 
ployed with slight modifications. The material isolated was an ultraviolet- 


— 
O 
004+ 
U 2 4 6 


Time in Hours 


Fic. 6. Formation of S-adenosylhomocysteine from homocysteine and ATP by 
sheep liver extract. Each vessel contained 20 umoles of pL-homocysteine, 20 umoles 
of ATP, 10 umoles of MgSO,, 200 umoles of phosphate buffer, pH 7.2, and 1.5 ml. of 
enzyme. Assay was by Dubnoff-Borsook modification of the MceCarthy-Sullivan 
method (38). An optical density change of 0.01 equals 0.2 umole of methionine color. 


absorbing thio ether which gave a positive McCarthy-Sullivan test, a 
positive ninhydrin reaction, and agreed paper chromatographically with 
S-adenosylhomocysteine kindly provided by Dr. G. L. Cantoni. From 
these results it was concluded that S-adenosylhomocysteine was formed 
by a reaction between homocysteine and ATP. However, de la Haba 
and Cantoni (40) have just published an abstract which describes a puri- 
fied enzyme which synthesizes S-adenosylhomocysteine from homocysteine 
and adenosine, and it may well be that these two compounds are also the 
true substrates in our system. 

S-Adenosylhomocysteine As Intermediate in Methionine Synthesis from 
1-Carbon Sources—Experiments were performed with S-adenosylhomo- 
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cysteine to test whether it was a participant on the synthetic pathway to 
methionine from 1l-carbon sources. Table VII shows that an equivalent 
amount of S-adenosylhomocysteine, substituted for homocysteine, yielded 
only about 20 per cent of the methionine obtained with homocysteine. 
The S-adenosylhomocysteine used in this experiment was obtained from Dr. 
Cantoni, but similar results were obtained with the preparation isolated 
by us. The small amount of activity obtained with the S-adenosylhomo- 
cysteine can conceivably come from a conversion of this compound to free 
homocysteine. Ericson and coworkers (41), in studying betaine-homo- 
cysteine transmethylase, found that S-adenosylhomocysteine partially 
substituted for homocysteine in a crude enzyme preparation, but that with 
a more purified enzyme the free homocysteine was required. It appears, 
therefore, that S-adenosylhomocysteine is eliminated as an intermediate 


VII 
S-Adenosylhomocysteine and Cystine As Substrates for Methionine Biosynthesis 


Each vessel contained the compounds listed in Table VI, except that 1 umole of 
L-methionine was added and the homocysteine was replaced as recorded. 


Additions Counts in methionine 
pmoles c.p.m. 
pL-Homocysteinethiolactone.................... 20 3210 
S-Adenosylhomocysteine*....................... 10 760 


* S-Adenosylhomocysteine was obtained from Dr. G. L. Cantoni. Purity of 20 
per cent was taken into account in determining the amount used. 


on the route to methionine, whether it be by methyl group biosynthesis or 
by methyl group transfer. Table VII also shows that homocystine is 
poorly utilized in place of homocysteine, and that homocysteinethiolactone 
hydrochloride, which had been used in many of the experiments, approached 
the effectiveness of free homocysteine in serving as substrate. 

Other Compounds Studied in Methionine Methyl Group-Synthesizing 
Enzyme System—Homodjenkolic acid, phosphoserine, and coenzyme A were 
added to the reaction with no significant effects. Glutathione had a 
small variable effect. Guanosine diphosphate inhibited the incorporation 
of isotope from 1-carbon compounds into methionine, possibly by com- 
peting with ATP. Addition of vitamin Bye had no effect. Helleiner 
and Woods (11) found evidence for the activation of methionine synthesis 
in vitro by the addition of vitamin By in extracts of a methionine-requiring 
mutant of Escherichia coli. Final decision as to whether this activation 
of methionine synthesis by vitamin By: is peculiar to methyl synthesis has 
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to be held in abeyance, however, since Dubnoff, with use of a similar 
mutant, found that vitamin By: activated a number of dissimilar enzymes 
(42). Ericson and coworkers (43) report that liver homogenate from rats 
fed a vitamin By2-deficient diet would synthesize methionine in the presence 
of vitamin Bi2, homocysteine, and an energy source. No 1-carbon source 
was added. Their assay, however, was the unspecific McCarthy-Sullivan 
method and, in all probability, the color formation that they reported was 
not derived from methionine. 


DISCUSSION 


The mechanism of the biosynthesis of the methyl] group of methionine 
from 1-carbon sources has proved unusually stubborn to elucidate. This 
is in contrast to the biosynthesis of the methyl group of thymine. Recent 
work (28, 44, 45) indicates that the major steps in this reaction consist of 
the activation of formaldehyde by combination with tetrahydrofolic acid 
to form hydroxymethyltetrahydrofolic acid, the condensation of hydroxy- 
methyltetrahydrofolic acid with position 5 of the ring of deoxyuridylic 
acid, and a reductive cleavage to form the methyl group of thymine. The 
reductive step would presumably require the participation of a reduced 
pyridine nucleotide or the conversion of the reduced tetrahydrofolic acid 
derivative to dihydrofolic acid. In thymine methyl group synthesis, ATP 
does not appear to be required, except for the conversion of deoxyuridine 
to deoxyuridylic acid, when the former is employed as the substrate. This 
does not appear to be true for the synthesis of the methyl group of methio- 
nine. A requirement for ATP has been found both in our sheep liver 
enzyme system and the bacterial system of Woods and coworkers (9-11). 
The determination of the role of ATP will do much to clarify the exact 
mechanism for methionine methyl group synthesis. Speculatively, the 
finding that S-adenosylmethionine greatly inhibits the incorporation of 
isotope from serine-3-C™ into the methionine methyl group (Table VI) 
suggests the possibility that perhaps S-adenosylmethionine is the initial 
product formed. This compound would then subsequently transfer its 
activated methyl group to homocysteine to form free methionine, or more 
simply, would hydrolyze to form free methionine. 


SUMMARY 


1. A cell-free enzyme system prepared from sheep liver has been demon- 
strated to incorporate isotope from serine-3-C" and formaldehyde-C" into 
the methyl group of methionine. 

2. Adenosine triphosphate, magnesium, dighoegliapyidine nucleotide or 
triphosphopyridine nucleotide, leucovorin or 5,6,7 ,8-tetrahydrofolic acid 
have been demonstrated to activate the lenorpeantion of l-carbon com- 
pounds into the methyl group of methionine. 
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3. Possible intermediates on the pathway of methionine methyl group 
synthesis have been investigated and a pessible mechanism for the bio- 
synthesis of the methyl] group is discussed. 
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THE PAPER ELECTROPHORETIC SEPARATION 
OF PHOSPHATIDES 


By HERBERT ZIPPER ann MORTON D. GLANTZ* 
(From the Department of Chemistry, Brooklyn College, Brooklyn, New York) 


(Received for publication, May 27, 1957) 


A number of chromatographic methods have been previously reported 
for the separation of phosphatides. Column chromatography has been 
used successfully by Thannhauser and Setz (1), Klenk (2), and Hanahan 
et al. (3). Paper chromatographic techniques for phosphatide analysis 
have been reported by Bevan et al. (4), Hecht and Mink (5), Hack (6), 
and Lea et al. (7). Garvin (8) has reported a separation of phosphatides 
by filter paper electrophoresis. In the present paper, a method for the 
separation of phosphatides by electrophoresis on a paper strip is described. 
This method is a result of the successful use of non-aqueous solvents and 
solvent systems containing low concentrations of water. The use of 
such solvents was first described by Paul and Durrum in 1952 (9). 

Experimental—Lecithin was prepared by a combination of the methods 
of Pangborn (10), Taurog et al. (11), and Lea et al. (7). Three samples 
of synthetic lecithin analogues were kindly supplied by Dr. E. Baer and 
Dr. J. D. MacLennan. These included dimyristoyllecithin, dioleoyl- 
lecithin, and glycol stearyl lecithin. Cephalin was prepared and frac- 
tionated by the method of Folch (12-14), which provides for the separation 
of three phosphatides: phosphatidylethanolamine, phosphatidylserine, and 
diphosphoinositide. 

Analytical—With the exception of the diphosphoinositide, the purity of 
the sample was based on the ratio of nitrogen to phosphorus. Phosphorus 
was determined by the method of King (15) and nitrogen by the micro- 
Dumas method. The results are shown in Table I. 

Apparatus—The apparatus used was an electrophoresis unit designed 
by Dr. Samuel Raymond of the E. C. Apparatus Company, and consists of 
three separate buffer chambers, each provided with baffle plates. Be- 
tween the opposing buffer chambers there is situated a 12 inch long water- 
cooled plate. The power supply provided a potential of 1000 volts and a 
current of 200 ma. 

Method—An electrophoretic determination was conducted in the follow- 
ing manner: the electrolyte system was added to the buffer compartments 
of the apparatus, and the Whatman No. 3MM paper strips were placed on 
a Teflon pad with the ends of the paper strips kept out of the solvent system. 


* Inquiries should be made to Morton D. Glantz. 
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The water-cooled plate was pressed firmly on top of the paper strips and 
held there for 10 seconds to remove excess solvent system. The sample 
usually amounted to 10 to 15 mg. and was dissolved in a 1:1 chloroform- 
electrolyte system mixture. The paper strips, after removal of excess 
solvent, were removed from the apparatus and placed on a clean Teflon 
sheet. The material was either spotted or streaked upon the paper with a 
capillary pipette. The strips were returned to the apparatus, the ends 
were immersed in the buffer compartments, the water-cooled lid was 
attached, and the run was begun. Care was taken to maintain a rapid 
flow of water through the cover plates. 

When the run has been completed, the paper strips are placed on a clean 
Teflon sheet and allowed to dry in a hood. When thoroughly dry, they 
are exposed to the appropriate dyeing procedure. When all four phos- 
phatides are present on the same strip, this procedure is as follows: the 


TaBLE I 
Analysis of Prepared Samples 
Found Calculated 
Substance 

N P N:P N P N:P 

per cent | per cent per cent | per cent 
3.95 | 1.01:1 | 1.78 3.93 1:1 
Phosphatidylethanolamine.....| 1.72 3.75 | 1.01:1 | 1.88 4.16 1:1 
Phosphatidylserine............| 1.74 3.67 | 1.07:1 | 1.78 3.92 1:1 


paper strip is immersed in a 0.05 m Reinecke salt solution for 5 hours and 
then washed in running water and dried at room temperature. The 
lecithin spot appears as a lavender ring. The paper is now scanned with 
ultraviolet light to reveal any contaminants which might confuse the issue 
after the ninhydrin color is developed. A 1 per cent aqueous ninhydrin 
solution is sprayed on the paper which is then dried at 105° for 5 minutes. 
The cephalin phosphatides are identified by the violet ring which is formed. 
The paper may now be treated for identification of phosphorus by im- 
mersion in a 0.1 per cent solution of sodium sulfide for 10 seconds and dry- 
ing in air, followed by immersion in an acidified 10 per cent ammonium 
molybdate solution. ‘The paper is washed in running water, and the ceph- 
alin phosphatides are identified as blue spots against a light blue back- 
ground. ‘The results of the electrophoretic separation are listed in Table II. 


DISCUSSION 


To achieve the electrophoretic separation, it was necessary to utilize 
organic systems containing small amounts of salts in place of the usual 
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TABLE II 
Electrophoretic Migration of Phosphatides 


Substance a Current Mobility towards anode 

ma. sq. cm. per volt per sec. X 107 
Dimyristoyllecithin................ (1) 20 1.74 
Dioleoyllecithin.................... (1) 20 1.74 
Phosphatidylethanolamine.......... (5) 20 4.12 
(6) 20 3.70 
(7) 20 14.8 
(8) 20 23.1 
Phosphatidylserine................. (5) 20 150 

Diphosphoinositide................. (5) 8 27.8 (To cathode) 
Glycol stearyl lecithin.............. (9) 30 1.11 
Cephalin mixture ................. (5) 8 1.73 
135 

27.8 (To cathode) 
ka (6) 20 14.8 
5.80 

52.1 (To cathode) 
11.3 

0.93 (To cathode) 
18.8 

2.08 (To cathode) 
58.0 
0.46 


* The electrolyte systems: (1) 95 per cent ethanol; 0.01 N sodium acetate, 0.01 N 
sodium chloride, 0.01 N acetic acid; pH 6.0. (2) 95 per cent ethanol; 0.05 Nn barbital, 
0.01 N sodium barbital, 0.0025 n sodium hydroxide; pH 7.0. (3) 95 per cent ethanol; 
0.05 n sodium acetate, 0.0025 N sodium hydroxide; pH 8.0. (4) Methanol; 0.01 N 
ammonium acetate; pH 6.4. (5) Methanol-pyridine-glacial acetic acid, 8:1:1; 0.05 n 
sodium acetate; pH 4.9. (6) Methanol-pyridine-glacial acetic acid, 32:7:1; 0.05 N so- 
dium acetate; pH 5.6. (7) Methanol-pyridine, 9:1; 0.05 N sodium acetate; pH 
9.0. (8) Methanol-pyridine, 8:2; 0.05 N sodium acetate; pH 9.5. (9) 95 per cent 
ethanol; 0.01 N sodium acetate, 0.01 N sodium chloride, 0.01 N acetic acid; pH 6.0. 
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aqueous buffers. The solvents employed were chosen with regard to the 
solubility of the phosphatides present. Three fundamental systems were 
used: a 95 per cent ethanol system, a methanol system, and a methanol- 
pyridine-glacial acetic acid system. The first two systems proved most 
useful for lecithin, while the last system was the most versatile. Leci- 
thin was easily soluble in all three systems, but the cephalin fractions 
were soluble only to a small degree. This difficulty was overcome by 
first dissolving the phosphatide sample ina 1:1 mixture of chloroform and 
electrolyte system, and all samples were treated in this way in the interests 
of uniformity of procedure. 


SUMMARY 


A number of paper electrophoretic determinations on phosphatides 
were conducted in various systems at various voltages and time periods. 
The results of these determinations are set forth in Table II and show that 
in a non-aqueous system containing a small amount of salt and at a suf- 
ficient potential the phosphatides exhibit electrophoretic migration. 
Lecithin, phosphatidylethanolamine, phosphatidylserine, and _ diphos- 
phoinositide migrate sufficiently to allow their complete separation and 
identification. 
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FORMATION OF PROTOCATECHUIC ACID FROM QUERCETIN 
BY RAT KIDNEY IN VITRO* 


By CARL D. DOUGLASS anp ROSE HOGAN 


(From the Department of Biochemistry, University of Arkansas, 
School of Medicine, Little Rock, Arkansas) 


(Received for publication, June 10, 1957) 


The metabolic fate of the flavonoid pigments has not been extensively 
studied. Since these compounds are ingested in appreciable quantities 
when plant materials are included in the diet, it seemed desirable to in- 
vestigate their catabolism in mammalian tissues. 

It has been reported (1, 2) that 3,4-dihydroxyphenylacetic, m-hydroxy- 
phenylacetic, and homovanillic acids are produced in vivo from orally 
administered quercetin (3,3’,4’,5,7-pentahydroxyflavone) and rutin, the 
3-rutinoside of quercetin. This paper reports the accumulation of pro- 
tocatechuic acid (PA) in rat kidney homogenates in the presence of quer- 
cetin. 


EXPERIMENTAL 


Whole homogenates of rat kidney were prepared by grinding the tissue 
in cold 0.067 m phosphate buffer, pH 7.5, in a homogenizer with a close 
fitting Teflon pestle. From 100 to 500 mg. of tissue were contained in 1 
ml. of homogenate. Incubation mixtures contained 2 ml. of tissue homo- 
genate and 10 mg. of quercetin and were 0.001 m with respect to p-chlo- 
romercuribenzoate (CMB). The mixtures were incubated either in air 
or nitrogen for 3 to 4 hours with shaking. The pH was then adjusted 
to 4 to 5 with acetic acid and the mixtures placed in a boiling water bath 
for 5 minutes. After centrifugation, the supernatant fluids were chro- 
matographed on Whatman No. 1 filter paper strips by the ascending 
technique in a variety of solvents. Color-developing sprays were prepared 
and used according to known methods. 

When it was desired to obtain larger quantities of the PA or when quanti- 
tative measurements were required, mixtures containing larger amounts 
of tissue and substrate were prepared and their extracts, prepared as 
above, subjected to continuous extraction with ethyl acetate. The organic 
solvent was evaporated, the residue was taken up in 2 ml. of 2.5 m acetic 
acid, and this solution was chromatographed on a cellulose powder column 
1 X 18 cm. with 2.5 m acetic acid as the developing solvent. 5 ml. frac- 
tions were collected. Elution from the column was followed by measure- 


* This work was supported by a grant from the National Vitamin Foundation. 
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626 METABOLISM OF QUERCETIN 


ment of the optical density at 295 my and by the determination of catechol 
type compounds by the method of Azouz et al. (3). This purification 
yielded a product which contained no other detectable component. The 
eluted material was used for the determination of the ultraviolet absorption 
spectrum and the melting point. 


RESULTS AND DISCUSSION 


When chromatograms prepared from the deproteinized incubation 
mixtures were sprayed with alcoholic ferric chloride, a single green zone 
appeared. Table I gives Ry values for the unknown material and for 
authentic PA in eight different solvent systems. When chromatograms 
were sprayed with bromocresol green, yellow zones with identical R, 


TABLE I 
Paper Chromatographic Comparison of PA and Isolated Substance 
Rp values 
Solvent 

Isolated substance PA 

Isopropyl] alcohol, 3.7M.................... 0.71 0.73 
n-Butanol-acetic acid-water (5:1:4)......... 0.81 0.85 
Benzene-acetic acid-water (5:4:1)........... 0.15 0.15 


values appeared, showing the material to be acidic. The fact that a green 
color was obtained with alcoholic ferric chloride suggested that a catechol 
type residue was present. This was confirmed by spraying with the fer- 
ricyanide reagent of James (4) and Goldenberg et al. (5). The material re- 
duced silver nitrate. It could be distinguished from 3 ,4-dihydroxypheny]l- 
acetic acid and 3,4-dihydroxycinnamic acid by its Rp values in several of 
the solvents listed in Table I. When paper chromatograms of the unknown 
material, purified by cellulose column chromatography, were sprayed with 
diazotized sulfanilic acid, diazotized p-nitroaniline, diazotized benzidine, 
diazotized p-phenylenediamine, diazotized o-phenylenediamine, alcoholic 
ferric chloride, or the ferricyanide reagent (4), colors identical with those 
given by PA were obtained. Upon standing in air, dilute solutions of the 
substance developed a violet color. Solutions of protocatechuic acid be- 
haved likewise, and the pigment from both materials gave identical Rr 
values in 2.8 m KCl and 2.5 o acetic acid. 

When eluted from cellulose powder columns by 2.5 M acetic acid, the 
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compound appeared in the eluate after approximately 25 ml. had been 
collected. Authentic PA behaved similarly. The ultraviolet absorption 
spectra of the two materials were identical when run in 2.5 M acetic acid, 
exhibiting maxima at 260 and 295 my and a minimum at 280 mp. The 
ratio E'x9/H295 was found to be 0.68 in both cases. The absorption spec- 
trum is shown in Fig. 1. 

Quantitative determinations performed by dvecninine the optical 
density at 295 my of the fractions which contained the material from the 
columns yielded the results shown in Table II. When the method of Azouz 
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Fig. 1. Ultraviolet absorption spectra of authentic PA (solid line) and material 
eluted from cellulose columns (dashed line) determined in 2.5 M acetic acid. 


et al. (3) was used for the determination, the apparent absolute amounts 
of PA were increased by 35 to 50 per cent, but the relative quantities were 
the same. It is noted that the presence of CMB causes the accumulation 
of increased PA, presumably by inhibiting its further breakdown. Ottey 
and Tatum (7) found that the protocatechuic acid oxidase of a Neurospora 
mutant was inhibited by this agent. Table III shows that PA disappears 
from kidney homogenate and that CMB at 1 X 10-* m almost completely 
blocks the process. It is also apparent from Table III that oxygen is 
required for the production of PA. When rutin or 2,3-dihydroquercetin 
was substituted for quercetin in the mixture, no PA was formed. 
Evaporation of the column eluates from six to eight experiments on a 
cover-slip yielded sufficient material for a melting point on the Fisher- 
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Johns apparatus. The compound melted at 196—-200°. Authentic PA 
melts at 199-200°. A mixture of authentic PA with the material from 
the eluates yielded a material which melted at 196-198°. 

The fact that none of the acids which Booth and associates (2) found to 
be excreted by the rabbit after oral administration of quercetin and rutin 


TABLE II 
Conversion of Quercetin to Protocatechuic Acid by Rat Kidney 
Additions to homogenate Protocatechuic acid formed 
pmoles 102 
Quercetin, 10 me... 2.89 
CMB, 0.001 m + quercetin, 10 5.52 
0.001 + 10 (boiled ho- 
mogenate)...... 0 
CMB, 0.001 m querestin, 10 me. at- 
mosphere).......... 0 


The homogenate contained 500 mg. of rat kidney, 2 ml. of 0.067 mM phosphate 
buffer, pH 7.5, and 1 ml. of water, and was incubated for 3 hours with vigorous shak- 
ing at room temperature with air as the gas phase, except where noted. 


TABLE III 
Disappearance of PA from Rat Kidney Homogenates 
Amount of PA remaining after 
Addition 

2 hrs. 4 hrs. 

per cent per cent 
CMB, 0.001 M.. 100 92 


The mixtures contained 650 mg. of homogenized kidney, 10 ml. of 0.067 m phos- 
phate buffer, pH 7.5, 10 mg. of PA, and 5 ml. of water, and were incubated at room 
temperature with vigorous shaking in air. 


have been demonstrated as products of the catabolism of quercetin in vitro 
may indicate either that they are products of bacterial or digestive action 
in the gastrointestinal tract, that a different pathway is operating in the 
rabbit, or that they are formed by tissues other than the kidney. 


SUMMARY 


Protocatechuic acid has been found to be a metabolic product of quer- 
cetin in rat kidney. 


1. 
2. 
3. 
4. 
5. 
7. 
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THE ROLE OF LYMPH CHOLESTEROL IN THE REGULATION 
OF ENDOGENOUS CHOLESTEROL AND 
CHOLESTEROL ESTER SYNTHESIS* 


By LEON SWELL, E. C. TROUT, Jr., HENRY FIELD, Jr., ano 
C. R. TREADWELL 


(From the Veterans Administration Center, Martinsburg, West Virginia, 
and the Department of Biochemistry, School of Medicine, George 
Washington University, Washington, D. C.) 


(Received for publication, July 16, 1957) 


Previous reports (1-4) have demonstrated that the liver is the chief 
source and regulator of plasma free cholesterol. The situation with re- 
spect to plasma and tissue esterified cholesterol remains unclear. Ex- 
periments in intact animals and humans have demonstrated that, after 
the administration of C'‘-acetate, C'‘-esterified cholesterol appears in the 
blood, liver, and adrenals (3-6). In these reports, it was shown that the 
specific activity of the liver esterified cholesterol reached a peak value about 
one-half as high as that of liver free cholesterol but, at the same time, 
usually within 1 to 3 hours. Plasma esterified cholesterol approached the 
specific activity of the free cholesterol fraction in 1 to2 days. On the other 
hand, the liver and plasma free cholesterol fractions both reached a maxi- 
mal peak within a few hours. This difference between the specific activity 
curves of plasma and liver esterified cholesterol suggests that there may be 
other sources of plasma esterfied cholesterol than the liver. Another site 
of free cholesterol esterification is the intestinal mucosa, and this source 
has been shown to be responsible for the appearance of most of the esterified 
cholesterol in the lymph (7,8). The fate and metabolic function of the 
lymph esterified cholesterol are unknown, but it has been stated that it 
goes directly to the liver (9). 

The present report deals with two aspects of cholesterol metabolism; 
namely, the role of lymph total cholesterol in the regulation of endogenous 
free cholesterol and esterified cholesterol synthesis and the maintenance of 
tissue and plasma esterified cholesterol levels. Fasted rats with lymph 
fistula, in which 8 to 10 mg. of endogenous total cholesterol had been re- 
moved by way of the fistula, and normal fasted rats were given C'*-acetate. 
The plasma and tissues were examined at various intervals for C'‘-free 
cholesterol and C'‘-esterified cholesterol activity. 


* This study was supported in part by research grants from the American Heart 
Association and the National Heart Institute, No. H-1897 and No. H-2746, United 
States Public Health Service. 
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Methods and Materials 


Treatment of Animals and Tissues—The experimental animals were 
adult male rats, weighing 250 to 300 gm., of the Carworth strain, which 
had been maintained on Purina pellet chow. Normal animals and those 
with lymph fistula were used. Cannulas were inserted into the thoracic 
duct according to the procedure of Bollman et al. (10). After the opera- 
tion, the animals were confined in restraining cages and allowed free access 
to 0.9 per cent saline but no food during the remainder of the experiment. 


Each animal received 30 uc. (2.46 mg.) of 1-C'-acetate intraperitoneally, 


24 hours after the operation. The lymph was collected, and the animals 
were killed at various intervals: 3, 1, 2, 4, 24, and 48 hours. At the time 
of sacrifice, blood from the abdominal aorta, and the liver, adrenals, and 
intestine were removed. The livers were homogenized in 10 ml. of saline, 
and the homogenate was added to 10 volumes of 1:1 acetone-aleohol. The 
residue, after heating and filtering, was treated twice with 10 volumes of 
1:1 acetone-alcohol and twice with 10 volumes of 3:1 ether-alcohol. The 
adrenals were treated in a Soxhlet apparatus, 8 hours with 25 ml. of 1:1 


acetone-alcohol and 16 hours with 25 ml. of ethyl ether. The intestines 


were washed with 50 ml. of saline, frozen, pulverized, and treated with 
100 ml. of 1:1 acetone-alcohol. The residue, after heating and filtering, 
was treated like liver. The extracts from each sample of liver, adrenal, 
and intestine were combined, taken to dryness under nitrogen, and dis- 
solved in an appropriate volume of 1:1 acetone-alcohol. It was shown in 
preliminary experiments that these extraction procedures completely 
removed all radioactivity in sterols. The plasma was treated with 25 
volumes of 1:1 acetone-alcohol. The normal group was treated exactly 
the same as the lymph fistula group, including a 24 hour fast before ad- 
ministration of C'4-acetate. 

M ethods—F ree cholesterol and total cholesterol were determined colori- 
metrically on each extract by the method of Sperry and Webb (11). Free 
cholesterol and esterified cholesterol-C' activities were determined as 
described below. The free cholesterol and total cholesterol of each ex- 
tract were precipitated as the digitonides and washed according to a semi- 
macromethod of Sperry.!. This method gave quantitative precipitation 
of free cholesterol and no loss of digitonide upon washing. Also, the super- 
natant fluids and washings from each free cholesterol fraction were pooled 
and concentrated, and the esterified cholesterol was hydrolyzed with KOH. 
The free cholesterol of these hydrolysates was precipitated with digitonin 
and washed as above. The digitonides were cleaved with pyridine and 
again precipitated with digitonin. These procedures allowed calculation 


1 The procedure for this method was kindly supplied by Dr. W. M. Sperry. 
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of the activity of the esterified cholesterol fraction from the activities of the 
free cholesterol and total cholesterol fractions and direct determination by 
assay of the digitonides prepared from the supernatant solutions after 
precipitation of the free cholesterol. These two independent determina- 
tions of esterified cholesterol activity agreed closely. The digitonide C'* 
activity was measured in a windowless gas flow counter by counting to 
within an error of +3 per cent and correcting for self-absorption. In some 
cases it was necessary to add carrier free cholesterol to obtain proper plating 
of the digitonide. 


Results 


Plasma (Fig. 1)—In the normal animal the specific activity of the free 
cholesterol reached a maximum within 2 hours and then declined rapidly. 
The esterified cholesterol rose very slowly with virtually no activity in the 
earliest sample and attained a specific activity equal to that of the free 
cholesterol in 24 to 48 hours. These observations are essentially the same 
as have been reported for humans (5) and dogs (3). 

In the animal with lymph fistula the free cholesterol activity reached a 
peak in 2 hours and then declined rapidly, whereas the esterified cholesterol 
activity did not reach its peak until the 4th hour and then also declined 
rapidly. In the animal with lymph fistula, the maximal specific activity 
of the free cholesterol was 6 times, and of the esterified cholesterol 15 times, 
the corresponding maxima in the normal animal. The curves for the 
plasma free cholesterol were essentially the same in respect to shape and 
time of maximal activity in both types of animals, but the plasma esterified 
cholesterol curves were entirely different. The resemblance between the 
free cholesterol and esterified cholesterol curves in the animal with lymph 
fistula indicated that both fractions were derived from a free cholesterol 
fraction in the same tissue or tissues. The lack of resemblance between 
the esterified cholesterol and free cholesterol curves in the normal animal 
demonstrates that the two fractions were not arising from the same tissue 
source. 

Liver (Fig. 2)—In the normal animal, both the free cholesterol and es- 
terified cholesterol attained maximal activity in 2 hours, whereas in the 
animal with lymph fistula, the free cholesterol attained maximal activity 
in 30 minutes and the esterified cholesterol in 4 hours. In both types of 
rats the free cholesterol activity declined more rapidly than that of esterified 
cholesterol. The product-precursor relationship clearly shows that the 
liver esterified cholesterol was derived from the free cholesterol in both 
types of animals. At the peaks, the activity of free cholesterol was 6 
times, and of esterified cholesterol about 7 times higher in the animal with 
lymph fistula than in the normal animal; this result indicates a marked 
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increase in free cholesterol and esterified cholesterol synthesis in the liver 
of the animal with lymph fistula. 

Adrenal (Fig. 3)—The specific activity of the adrenal free cholesterol 
rose rapidly in the normal animal and reached a maximum in 2 hours. 
The esterified cholesterol rose gradually as in plasma and did not reach the 
specific activity of the free cholesterol until 24 to 48 hours. The curves 
indicate that the esterified cholesterol was derived from the free cholesterol. 
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Fig. 1. The specific activity of plasma free cholesterol and esterified cholesterol 
at various time intervals after the administration of C'*-acetate. Each point repre- 
sents three to four animals. 


In the animal with lymph fistula there was a considerable increase in syn- 
thesis of adrenal free cholesterol and esterified cholesterol over the normal. 

Intestine (Fig. 4)—In the normal animal there was a rapid rise in the 
specific activity of the free cholesterol and a slow decline. The activity 
of the esterified cholesterol fraction in the normal animal was so low that 
it could not be accurately determined. In the animal with lymph fistula 
the rate of increase in activity was greater, and a higher peak was reached 
than in the normal. The esterified cholesterol activity rose slowly and 
crossed the free cholesterol curve at 24 to 48 hours. 
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Turnover Time of Free Cholesterol and Esterified Cholesterol (Table I)—In 
the normal animal the esterified cholesterol of liver had the shortest turn- 
over time (66 hours). The turnover times of the esterified cholesterol of 
plasma and adrenal were beyond 72 hours and could not be estimated, ow- 
ing to the lack of periods beyond 48 hours. The free cholesterol turnover 
time in the normal animal was shorter in the liver than in the adrenal and 
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HRS, 
Fic. 2. The specific activity of liver free cholesterol and esterified cholesterol at 
various time intervals after the administration of C'4-acetate. Each point represents 
three to four animals. 


intestine. The plasma and liver free cholesterol turnover times were es- 
sentially the same, and it is thus apparent, as previously reported (3, 4), 
that the newly synthesized liver free cholesterol mixes and interchanges 
rapidly with the plasma free cholesterol. The approximate half time for 
this mixing was found to be 30 minutes. 

In the animal with lymph fistula, the turnover times of the free choles- 
terol in liver, intestine, and adrenal were essentially the same as in the 
normal, although there was a large increase in the synthetic rate. These 
findings indicate that the animals with lymph fistula were capable of main- 
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taining the level of free cholesterol in the tissues by increasing the rate of 
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free cholesterol synthesis six to ten times while at the same time free choles- | st 
terol utilization was not disturbed. The turnover of esterified cholesterol ti 
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Fic. 3. The specific activity of adrenal free cholesterol and esterified cholesterol 
at various time intervals after the administration of C!-acetate. Each point repre- 
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sents three to four animals. 


Fic. 4. The specific activity of intestinal free cholesterol and esterified cholesterol 
at various time intervals after the administration of C'*-acetate. Each point repre- 
sents three to four animals. 
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in plasma, liver, and adrenal of the animal with lymph fistula was definitely 


shorter than in the normal. 


This finding -provides further evidence that 


tissue esterified cholesterol is derived to a large extent from lymph esterified 


cholesterol. 


TABLE I 


Approzimate Turnover Time of Free Cholesterol and Esterified Cholesterol in Normal 
Rats and Rats with Lymph Fistula 


Normal Lymph fistula 
Tissue* 
Free Esterified Free Esterified 
cholesterol cholesterol cholesterol cholesterol 
hrs. hrs. Ars. hrs. 
20.2 66.2 20.2 36.0 
Intestine.............. 33.1 34.6 69.0 


* Turnover time was approximated from the disappearance portions of the curves, 


T's = 4 1.44. 


TaBLE II 
Free Cholesterol and Esterified Cholesterol Concentration in Tissues of Normal Rats 


and Rats with Lymph Fistula 


Normal Lymph fistula 
Tissue ‘ 
Time* Free terifi Free Esterified 
cholesterolt cholesterol cholesterolt cholesterol 
hrs. total cholesterol total cholesterol 
Plasma 2 15.0 76.6 17.0 65.1 
24 16.2 73.2 17.4 60.0 
48 13.9 77.5 16.9 66.3 
Liver 2 0.196 19.9 0.199 11.3 
24 0.167 22.9 0.194 9.7 
48 0.203 21.3 0.217 5.3 
Adrenals 2 0.340 89.0 0.308 65.2 
24 0.284 86.0 0.324 73.2 
48 0.340 85.5 0.305 77.0 
Intestine 2 17.8 5.1 18.4 4.6 
24 15.2 6.7 15.6 4.2 
48 15.0 8.5 13.5 5.6 


* Both normal animals and animals with lymph fistula were fasted 24 hours be- 
fore the administration of C'-acetate; zero time represents the time of C'*-acetate 


injection. 


t Concentration of free cholesterol expressed as mg. per 100 ml. for plasma, per 
cent for liver, and mg. per whole tissue for adrenals and intestine. 


q 
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Free Cholesterol and Esterified Cholesterol Concentration (Table II)—In 
interpreting these findings, it should be pointed out that the animals with 
lymph fistula were not given C'4-acetate until 24 hours after the operation. 
During this period the animals had lost 8 to 10 mg. of endogenous total 
cholesterol. In the normal animal there was essentially no change in the 
free cholesterol level and esterified cholesterol in total cholesterol in the 
plasma or tissues up to 48 hours. In the animal with lymph fistula there 


was no change in the free cholesterol, but there was a definite drop in the | 


per cent ester in total cholesterol of the liver at 24 and 48 hours. The 


levels of the free cholesterol were the same in the normal animals and ani- | 


mals with lymph fistula, whereas the per cent esterified cholesterol in total 
cholesterol was definitely lower in the plasma, liver, and adrenals of the 


animals with lymph fistula. There was a progressive decrease in the liver | 


esterified cholesterol level in the animals with lymph fistula; the esterified 


cholesterol levels in plasma and perhaps other tissues were being maintained | 


at the expense of the liver ester. 


DISCUSSION 


The thoracic duct fistula rat, during a 24 hour fasting period, will put out 
8 to 10 mg. of total cholesterol in the lymph. Of this amount, 3 to 4 mg. 
are free cholesterol and 6 to 7 mg. are esterified cholesterol. This total 
cholesterol is derived from several sources. One source is the reabsorption 
of total cholesterol secreted in bile, by the intestinal wall, and by the in- 


testinal juices; these together constitute over one-half of the total choles- — 


terol of fasting lymph.? Other sources are the hepatic lymph, the extremi- 
ties, and synthesis by the intestine itself. It is evident from the present 
study that removal by way of the lymph of endogenous total cholesterol 


derived from these various sources leads to a marked increase in the syn- | 


thesis of tissue free cholesterol and esterified cholesterol. 

Of the tissues examined during the period of endogenous total cholesterol 
removal, the specific activity of the liver free cholesterol was highest, 
followed by plasma, adrenal, and intestine. The high specific activities 
and rapid interchange between liver and plasma in both normal rats and 
rats with lymph fistula further extend the observations (3, 4) that free 
cholesterol of the plasma is derived primarily from the liver. It is difficult 
to evaluate from the present data whether or not the adrenal was synthe- 
sizing much of its own free cholesterol in either type of animal. Recent 
work (6) in humans indicates that the adrenal may synthesize considerable 
amounts of free cholesterol. In the normal animal, the plasma free choles- 
terol specific activity was higher than that of the adrenals at 2 hours, 
whereas, in the animal with lymph fistula, the specific activity of plasma 


2G. Vahouny and C. R. Treadwell, unpublished observations. 


| 

| 
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and adrenal free cholesterol were about equal, but the maximal peak for 
plasma free cholesterol was at 2 hours, and for the adrenal free cholesterol 
at 4 hours. The data suggest that there may be little free cholesterol syn- 
thesized by the adrenal in the normal animal, but in the animal with lymph 
fistula free cholesterol synthesis in the adrenal as well as other tissues may 
be greatly increased to compensate for the loss of endogenous free choles- 
terol in the animal with lymph fistula. The intestine showed an increased 
synthesis of free cholesterol in the animal with lymph fistula, but the in- 
crease was the smallest of the tissues examined, approximately 50 per cent 
over the normal. It would seem that this tissue does not contribute much 
to the plasma free cholesterol level. 

During the course of the experiment there were no significant changes in 
the free cholesterol content of the plasma and tissues in either type of ani- 
mal. Thus, the animals were able to maintain their free cholesterol level 
even though a considerable portion of endogenous free cholesterol was 
removed by way of the lymph. It is, therefore, evident that the concen- 
tration of free cholesterol is under a certain degree of homeostatic control, 
not only in the plasma, but perhaps in other tissues, and that the contribu- 
tion of cholesterol from the diet influences the extent of endogenous free 
cholesterol synthesis. 

There can be little doubt that the liver is capable of synthesizing esteri- 
fied cholesterol from C"-free cholesterol and C"‘-acetate both in vivo and 
in vitro (3, 4, 12). The question which remains to be answered is whether 
the plasma and tissue esterified cholesterol are derived from this source. 
In the previous studies (3, 4, 6) on esterified cholesterol synthesis, it was 
observed that newly formed free cholesterol from C"*-acetate, as well as 
fed C'4-free cholesterol, was slowly incorporated into the esterified choles- 
terol fraction in plasma; esterified cholesterol synthesis from C"*-acetate 
was very rapid in liver. Friedman et al. (9) have explained the slow incor- 
poration of dietary free cholesterol into plasma esterified cholesterol in 
that, in the intact rat, esterified cholesterol coming by way of the lymph is 
rapidly removed by the reticulo-endothelial cells and then slowly released 
to the plasma. If this were the case, one would expect different rates of 
incorporation of dietary free cholesterol and free cholesterol derived from 
acetate into plasma esterified cholesterol. In the present study, in the 
normal animal the plasma and liver esterified cholesterol specific activity 
curves were entirely different, but the free cholesterol curves were similar. 
On the other hand, the curves for plasma and liver esterified cholesterol 
in the rat with lymph fistula were the same. These findings, coupled with 
the increased synthesis of liver and plasma esterified cholesterol, and the 
marked decline in the concentration of liver esterified cholesterol in the 
rat with lymph fistula suggest that (a) lymph esterified cholesterol plays 
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an important role in the regulation of the plasma and tissue esterified choles- 
terol level; (b) in the normal animal, the plasma esterified cholesterol is not 
derived solely from the liver, and perhaps none is; that (c) the esterified 
cholesterol formed in liver may be utilized for metabolic purposes within 
this tissue and may not enter the plasma under normal conditions; and that 
(d) in the animal with lymph fistula, deprived of lymph esterified choles- 
terol, the homeostatic regulating mechanism may draw upon liver esterified 
cholesterol as a source of plasma esterified cholesterol. The adrenal es- 
terified cholesterol was found to follow a pattern similar to that of plasma. 
In the normal animal, esterified cholesterol was slowly formed and was 
probably derived from the same source as plasma esterified cholesterol. 
The animal with lymph fistula exhibited a rapid synthesis of adrenal es- 


terified cholesterol. Perhaps the adrenal in the animal with lymph fistula - 


synthesized a large part of its own esterified cholesterol. The intestine was 
also active in the synthesis of esterified cholesterol. Accordingly, this 
esterified cholesterol may be part of that formed during the reabsorption of 
endogenous cholesterol, and its mode of synthesis through cholesterol 
esterase (7) would be different from that of esterified cholesterol derived 
from liver. 

The data of the present study emphasize the importance of both endog- 
enous and exogenous total cholesterol in the regulation and maintenance 
of the plasma and tissue esterified cholesterol and free cholesterol levels. 
The liver, although very important in cholesterol metabolism, does not 
appear to be the sole factor regulating the plasma and tissue esterified 
cholesterol level. 


SUMMARY 


1. Fasted normal rats and rats with lymph fistula were given a tracer 
dose of C'4-acetate. The animals were killed at intervals of $, 1, 2, 4, 24, 
and 48 hours, and the plasma, adrenal, liver, and intestine were removed. 
The C'4-free cholesterol and C'!-esterified cholesterol were isolated, and 
their activities were determined. 

2. In the normal animal, after a 24 hour fast, free cholesterol synthesis 
was rapid, but esterified cholesterol synthesis was slow in all tissues except 
liver. 

3. In the animal with lymph fistula which had 8 to 10 mg. of endogenous 
total cholesterol removed during the previous 24 hour fast, there was a 
marked increase in the rate of free cholesterol and esterified cholesterol 
syntheses. The specific activity of free cholesterol and esterified cholesterol 
increased approximately seven to ten times in plasma, liver, and adrenal. 
The intestine showed the smallest increase in synthesis. 

4. Comparison of the specific activity curves showed that in the normal 


sr 
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animal, plasma and adrenal esterified cholesterol were derived to a large 
extent from lymph esterified cholesterol, whereas in the animal with lymph 
fistula deprived of lymph esterified cholesterol the liver contributed most 
of the plasma esterified cholesterol. 

5. The present study further stresses the delicate balance between exog- 
enous and endogenous total cholesterol in the maintenance and regulation 
of free cholesterol and esterified cholesterol levels in tissues and plasma. 
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A PYROPHOSPHATASE ACTIVITY ASSOCIATED WITH 
MOUSE LIVER PARTICLES* 


By GALE W. RAFTER 


_ (From the Department of Biochemistry, School of Hygiene and Public Health, The Johns 


Hopkins University, Baltimore, Maryland) 
(Received for publication, July 22, 1957) 
The presence in liver of phosphatases that hydrolyze a wide range of 


_ phosphate-containing compounds is well recognized. One such phos- 


phatase is P-Pase,! the enzyme responsible for the hydrolysis of P-P. 


_ Whereas some P-Pases have been well characterized, for example yeast 
_ P-Pase (1), information relating to the P-Pases of liver is meager. 


The present report deals with a P-Pase, associated with mouse liver 
particles, that shows optimal activity at pH 5.3. In marked contrast to 
some P-Pases the particle P-Pase shows no requirement for added Mgtt 
and loses activity rapidly in the absence of substrate at the pH value for 
optimal activity. 

Materials and Methods 

ATP was purchased from the Pabst Laboratories, P-P-P from the Block- 
son Chemical Company, and trimetaphosphate? was a gift from Dr. John 
Van Wazer. p-CMB was obtained from the Sigma Chemical Company. 
Protein concentration was estimated by the biuret method (2). 

Preparation of Mouse Liver Particles—A mitochondrial fraction was 
prepared from livers of mice (non-fasted National Institutes of Health 
strain, Swiss white) killed by decapitation. The livers were homogenized 
in 10 volumes of 0.25 m sucrose at 0° in a TenBroeck type homogenizer. 
Nuclei, debris, and whole cells were removed by centrifugation for 15 
minutes at 600 X g at 0° in a Spinco model L ultracentrifuge. From the 
supernatant fluid of the latter centrifugation the mitochondrial fraction 
was obtained by centrifugation at 8500 X g for 15 minutes. The pellet 
from this centrifugation was then suspended in an amount of 0.25 m sucrose 
equal to 20 volumes of the weight of liver used and recentrifuged at 8500 


* This investigation was supported by a grant (No. A-1037, Bio.) from the Na- 
tional Institutes of Health, United States Public Health Service. 

1The following abbreviations are used: P-Pase, pyrophosphatase; ATPase, 
adenosinetriphosphatase; P;, orthophosphate; P-P, pyrophosphate; P-P-P, tri- 
polyphosphate; p-CMB, p-chloromercuribenzoate; and TCA, trichloroacetic acid. 

2 Metaphosphate is used here to represent the ring phosphate compound and poly- 
phosphate to represent the straight chain phosphate compound, e.g., trimetaphos- 
phate is derived from tripolyphosphate by removal of a molecule of water. 
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Xg. Finally, the pellet was suspended in a small volume of 0.25 m sucrose 
for enzyme studies. The preparation hereafter will be referred to as 
mouse liver particles. The particles may be conveniently stored in the 
deep freeze (—20°) overnight without loss of P-Pase activity. 

Pyrophosphatase Assay—Mouse liver particles and P-P were incubated 
15 minutes at 30° in 2.0 ml. of 0.08 m sodium acetate buffer. For optimal 
P-Pase activity a concentration of P-P of 1 & 10-? mM was used in the reac- 
tion mixtures. Proportionality of P-P hydrolysis with respect to protein 
concentration and with respect to time was maintained if the amount of 
P; liberated in the described assay did not exceed 0.8 umole per tube. 
The reaction was stopped by adding 0.5 ml. of 11 per cent TCA to each 
reaction mixture. P; was determined on a 1.0 ml. aliquot of the TCA 
filtrate by the method of Fiske and Subbarow (3) as modified by Gomori 
(4). The optical density of the samples was read at 660 my 7 minutes 
after adding the last reagent. Some inhibition of color development by P-P 
in the P; analysis was encountered. To correct for the inhibition P-P 
of the concentration carried over to the P; analysis was included in P; 
samples used for the preparation of the standard curve. 

Assays were made for cytochrome oxidase by the method of Cooperstein 
and Lazarow (5) and glucose-6-phosphatase by the method described by 
Swanson (6). 


Results 


Occurrence of Pyrophosphatase Activity with Mouse Liver Particles— 
P-Pases acting optimally at different pH values have been described for 
rat liver homogenates (7, 8). The distribution of the activities in the 
subcellular fractions of the cell was not studied. In the present work it 
has been found that a P-Pase activity is associated with mouse liver par- 
ticles. Table I shows that the activity is concentrated upon separation 
of the particles from the homogenate. 

A mitochondrial enzyme, cytochrome oxidase, and a non-mitochondrial 
enzyme, glucose-6-phosphatase, are included in Table I for comparison. 

pH Optimum—The optimal P-Pase activity of the particles is found 
at pH 5.3 in 0.08 m sodium acetate buffer. At neutral pH values washed 
particles show practically no P-Pase activity. Unwashed particles show 
some activity at pH values greater than 7.0 which requires Mgt*; however, 
after washing the particles the activity is lost. 

Inhibitors—Various reagents found to inhibit the activity are given in 
Table II. Sodium arsenite (5 K 10-* m) and Cat* (5 X 10°-* M) were 
without effect on the activity. The inhibition observed with p-CMB 
increased to 70 per cent after homogenization of the particles.* The 


’ Homogenization of particles was carried out in a VirTis homogenizer (VirTis 
Company, Yonkers, New York) in 0.25 m sucrose. 
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p-CMB inhibition was reversed only in part by the addition of glutathione 
(—SH). 

Substrate Specificity—In addition to P-P a number of other polyphosphate 
compounds are hydrolyzed at appreciable rates by mouse liver particles 
(Table III). While all assays were made without added metal ion, addi- 
tion of Mg** (5 X 10-* m) more than doubles the rate of ATP hydrolysis. 
Added Mgt+ (5 X 10-* m) does not affect the rate of hydrolysis of P-P-P. 
The low rate of hydrolysis of B-glycerol phosphate compared to P-P is 


TaBLeE I 
Occurrence of P-Pase Activity in Subcellular Fraction of Mouse Liver 
(a) (b) 
Cytochrome oxidase............ 0.17 0.53 min.~! 3.1 
Glucose-6-phosphatase......... 1.4 wmoles 0.9 wmoles 0.6 


Enzyme assays were performed as described. The figures given for cytochrome 
oxidase are first order rate constants calculated as described by Cooperstein and 
Lazarow (5). All rates are expressed per mg. of protein. The incubation time for 
the glucose-6-phosphatase assay was 15 minutes. 


TaBLeE II 
Inhibition of P-Pase Activity of Mouse Liver Particles 
Inhibitor Inhibitor concentration Per cent inhibition 

M 
1.0 X 10°? 25 


Assays were performed as previously described. 


noteworthy since Palade (9) and Berthet and de Duve (10) have described 
an acid phosphatase linked to mitochondria that attacks B-glycerol phos- 
phate and requires pretreatment for activity. The lack of a similar 
requirement for pretreatment for P-Pase activity and the high rate of 
hydrolysis of polyphosphate compounds compared to 6-glycerol phosphate 
indicate that the two activities are different. 

Metal Ion Activation—In contrast to the usual requirement of added 
Mg++ for P-Pase activity the mouse liver particles are fully active without 
added Mgt* and, in fact, addition of the ion to some reaction mixtures 
results in a slight inhibition. Nevertheless, Mg++ appears to be required 


| 
rose 
as 
the | 
ated | 
mal | 
eac- 
tein 
t of 
be. 
ach 
CA 
nori | 
tes 
P-P 
P-P 
P; 
pin 
by 
for 
he 
it 
ar- 
ion | 
ial 
nd | 
OW 
er, 
in 
pre 
IB | 
he 
is | 


646 LIVER PYROPHOSPHATASE 


since F~ inhibitstheactivity (TableII). Nikiforuk and Colowick (11) found 


a similar result for 5-adenylic deaminase; that is, F~ inhibited the activity | 
but no requirement for Mgtt could be shown. They propose that F- | 
inhibition of an enzymatic activity does not necessarily imply a Mgt | 


TABLE III 
Hydrolytic Activities of Mouse Liver Particles at pH 5.4 
Substrate Substrate concentration Pj per 15 min. per mg. protein 
M pmoles 
1 X 10°? 6.70 
Trimetaphosphate.......... 1 X 10°? 0.20 
B-Glycerol phosphate...... 1 X 10°? 0.40 


All assays were carried out as described for P-Pase. 
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MINUTES - PREINCUBATION 


Fic. 1. Inactivation of particle P-Pase at pH 5.0 in the absence of substrate. 


Particles (0.12 mg. of protein) and 1.7 ml. of 0.1 mM sodium acetate buffer, pH 5.0, 
were preincubated at 30° for the times shown on the figure. Substrate was then 
added and the previously described P-Pase assay was carried out. Final volume of 
reaction mixtures was 2.0 ml. 


requirement for the activity. Norberg (8) had previously reported that | 
sometimes considerable activation was obtained upon adding Mgt to 
the P-Pase, pH 5.0, of rat liver homogenate. 

Inactivation—A notable feature of the P-Pase activity of the particles ; 
is the rapid loss of activity in the absence of substrate at the pH value 
for optimal P-Pase activity (Fig. 1). Norberg (8) had previously noted 
the lability of the P-Pase, pH 5.0, of rat liver homogenates. It appears that 
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substrate gives complete protection since the rate of P-P hydrolysis does 
not fall off when examined under condittons for inactivation to occur. 
Added P; does not protect against inactivation. Lowering the tempera- 
ture of pretreatment to 0° or raising the pH of pretreatment to 7.0 protects 
the activity. 

As may beseen from Fig. 1, the loss of activity is not complete, apparently 
stopping when about 20 per cent remains. The presence of a second P-Pase 
activity in liver particles, not labile at pH 5.0, cannot be ruled out. In 
some cases the zero time pretreatment specific activity of the particles is 
less than that shown in Fig. 1, and in these cases the per cent loss of activity 
is less than the 80 per cent found in Fig. 1. An equivalent picture of 
inactivation is found with homogenates. The optimal pH for inactivation 
is about 5.0. Interestingly, the ATPase of the particles, examined under 
the same conditions for inactivation as P-Pase, retains about 90 per cent 
of its activity. 


DISCUSSION 


The mouse liver particle phosphatase described here exhibits a number 
of identifying properties: higher specific activity in the particles compared 
to the homogenate, inhibition by sulfhydryl reagents, non-requirement of 
a metal ion, and rapid inactivation in the absence of substrate at the pH 
value for optimal P-Pase activity. The phosphatase activity tested with 
P-P or P-P-P serving as a substrate showed these properties. The activity 
is most probably the same one described by Norberg (8) in rat liver homoge- 
nates. The non-requirement of a metal ion probably results from metal 
ion bound to the particles; in working with sheep liver particles, where a 
P-Pase activity similar to that described for mouse liver particles has been 
found, a Mg++ requirement for P-Pase activity has been demonstrated after 
fragmentation of the particles with glass beads. 

Because of the inhibition of P-Pase activity upon addition of small 
amounts of P;, an exchange reaction between P; and P-P catalyzed by 
mouse liver particles was looked for with use of radiophosphorus. In the 
presence of concentrations of P; which almost completely inhibited P-P 
hydrolysis and at P; concentrations which did not affect the rate of P-P 
hydrolysis, no appreciable radiophosphorus in the P-P fraction in excess of 
control reaction mixtures was found. The latter finding, and the inhibi- 
tion rather than stimulation of P-Pase activity upon adding AsO,*, indi- 
cates that P; inhibition is not a consequence of a simple reversal of P-P 
hydrolysis. 

As is the case with many other phosphatases, a physiological role for the 
particle P-Pase is obscure; the possibility must be considered that the 
activity reflects a ‘“degenerate enzyme” (12). 
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SUMMARY 


A pyrophosphatase activity associated with mouse liver particles has 
been described. The activity was optimal at pH 5.3, and showed no 
requirement for added magnesium ion; nevertheless, added fluoride ion 
inhibited the activity. Sulfhydryl reagents, orthophosphate, and arsenate 
also inhibited the activity. The pyrophosphatase activity was rapidly 
lost upon incubating the particles at pH 5.0 in the absence of substrate. 


The author wishes to thank Miss Barbara Jean Stewart for her capable 
technical assistance during certain phases of this investigation. 
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THE ORIGIN OF THE METHYL GROUP IN MESACONATE 
FORMED FROM GLUTAMATE BY EXTRACTS OF 
CLOSTRIDIUM TETANOMORPHUM* 


By A. MUNCH-PETERSEN}{ H. A. BARKER 


(From the Department of Agricultural Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, August 20, 1957) 


Wachsman (1) has shown that mesaconic acid (a-methylfumaric acid) 
is an intermediate in the fermentation of L-glutamate by extracts of Clos- 
tridium tetanomorphum. ‘The chemical reactions by which these straight 
and branched chain compounds are interconverted have not yet been 
elucidated. The rearrangement of the carbon skeleton could occur by a 
migration either of a single carbon atom or of a pair of adjacent carbon 
atoms. A C, transfer could involve the movement of the carboxyl group 
in either position 1 or position 5 to carbon atom 3. This would put car- 
bon atom 2 or 4, respectively, in the side chain and would be analogous 
to the interconversion of succinate and methylmalonate reported by 
Flavin, Ortiz, and Ochoa (2). A C, transfer could involve the movement 
of glutamate carbon atoms 1 and 2 to carbon atom 4, or of carbon atoms 
4 and 5 to carbon atom 2. Either of these transfers would leave carbon 
atom 3 in the side chain. 

This paper describes an experiment with glutamate-4-C" which shows 
that the conversion of glutamate to mesaconate actually involves a C, 


transfer. 


Materials and Methods 


C’. tetanomorphum strain H1 was grown in a glutamate medium and 
harvested as described by Wachsman (1). A cell-free extract was pre- 
pared by grinding the cell paste with alumina by the method of McIlwain 
(3). The extract was lyophilized after centrifugation. 

Mesaconic acid was obtained from the Aldrich Chemical Company, 
Inc. It was estimated quantitatively by a spectrophotometric method 


* This article reports work supported by a research grant (No. E-563(C9)) from 
the United States Public Health Service and by a contract with the Atomic Energy 


Commission. 
t Supported by an international grant of the American Association of University 


Women. 
Present address, The Fibiger-Laboratory, Biochemical Department, Copenhagen, 


Denmark. 
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which involved extraction of the acid with ethyl ether, transfer to an aque- 
ous neutral phosphate solution, and measurement of the ultraviolet ab- 
sorption at 240 my with a Beckman spectrophotometer. A 0.001 m solu- 
tion of mesaconate in 0.05 m potassium phosphate, pH 7.0, has an optical 
density of 3.8 at 240 mu. 

Lt-Glutamate-4-C"“ was prepared from pt-histidine-2-C™“ by the use of 
extracts of Pseudomonas fluorescens, according to the general procedure of 
Tabor and Hayaishi (4). The purity of the product, which was eluted in 
a single well defined peak from a Dowex 50 column, was established by 
paper chromatography by using a phenol-water solvent. To check the 
site of labeling, the resulting glutamate-C“ was degraded by the method 
of Mosbach, Phares, and Carson (5). The C™“ was found to be located 
exclusively in carbon atom 4 as expected from the report of Tabor (6). 

Radioactivity was estimated by means of a Geiger counter provided 
with a thin windowed tube. Samples were spread upon aluminum planch- 
ets, and the observed counts were corrected for self-absorption, back- 
ground, and variations in counter efficiency. 


EXPERIMENTAL 


Preparation of Mesaconate-C™“ from 
was incubated anaerobically with C. tetanomorphum extract in the presence 
of unlabeled mesaconate. The reaction mixture contained 25 mg. of a 
lyophilized alumina extract of C. tetanomorphum, 44 yumoles of sodium 
glutamate-4-C“ with a specific activity of 10,000 c.p.m. per umole, 40 
umoles of potassium mesaconate, 75 uwmoles of potassium phosphate, pH 
7.2, 1 mmole of tris(hydroxymethyl)aminomethane chloride buffer, pH 
8.5, in a total volume of 3.6 ml. After 50 minutes incubation at 37°, the 
reaction mixture was stirred for 5 minutes with 0.5 gm. of Dowex 50-H* 
(washed and dried by suction) to stop the reaction and acidify the solution 
and was filtered by suction. The filtrate was extracted with ethyl ether 
for 6 hours and the ether evaporated. The residue was dissolved in 1 ml. 
of water and chromatographed on Whatman No. 1 filter paper with the 
n-pentanol-formic acid solvent described by Jones eé al. (7). 

The mesaconic acid, located on the paper as an ultraviolet-absorbing 
(“quenching”) spot with an R, of 0.83, was eluted with water. The yield 
was 37.8 ymoles of mesaconic acid with a specific activity of 3320 c.p.m. 
per umole. 

Degradation of Mesaconate-C'\—The mesaconate-C“ was diluted with 
unlabeled mesaconate and was then degraded by the accompanying sequence 
of reactions. 
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Oxidation of mesacoeic acid (109 uwmoles) to acetic acid was carriee out 
according to the method of Ginger (8) for the determination of terminal 


HOOC—CH 


*C—COOH > > 
2 4 2 4 
CH; CH; 
*CO. + CH;NH; > CO, 


methyl groups in branched chain fatty acids. The acetic acid is formed 
from the methyl group and the adjacent carbon atom, the latter now oc- 
curring in the carboxyl group. ‘The resulting acetic acid was isolated by 
steam distillation and was degraded further by the method of Mosbach 
et al. (5), except that the two reactions were carried out in a 50 ml. Erlen- 


TABLE I 
Degradation of Mesaconate-C* 
Specific activity 
c.p.m. per pmole 
2. Acetate from (1) mesaconic acid...................... 250 
4. CH;NHz from (2) acetate.......... None 


meyer diffusion flask provided with a center well for carbon dioxide ab- 
sorption as described by Katz et al. (9). Carbon dioxide was converted 
to barium carbonate for C* estimations. 

The results of the degradation of the mesaconate-C" are given in Table 
I. The C™ was found exclusively in carbon dioxide derived from the 
carboxyl group of acetic acid, which in turn was derived from the carbon 
atom adjacent to the methyl group of mesaconic acid. 


DISCUSSION 


Previous tracer experiments on the fermentation of glutamate by C. 
tetanomorphum (10) have established that carbon atoms 1 and 2 are con- 
verted to the carboxyl and methyl carbon atoms of acetate, carbon atom 
3 goes to the a- and y-carbon atoms of butyrate, carbon atom 4 to the 
carboxyl and 6-carbon atoms of butyrate, and carbon atom 5 to carbon 
dioxide. These results suggested that pyruvate is formed from glutamate 
carbon atoms 3, 4, and 5 in such a way that the carbon atom 3 becomes 
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the methyl carbon atom and carbon atom 5 becomes the carboxyl atom. 
This suggestion has been confirmed by enzymatic experiments (11) which 
show that mesaconate is converted by hydration of the double bond to 
d(+)-citramalate, which in turn is cleaved enzymatically to acetate and 
pyruvate, as shown in the accompanying scheme. The acetyl groups re- 
quired for the synthesis of butyrate presumably are derived from pyruvate. 


1COOH HOOC! 
2?CHNH, 
‘COOH 
+ + 


‘COSCOOH 


The above reaction sequence, considered in connection with the pre- 
vious tracer experiments, leads to the conclusion that the methyl group of 
mesaconate is derived from carbon atom 3 of glutamate and is attached to 
carbon atom 4 of glutamate. This deduction has now been confirmed by 
the direct demonstration that carbon atom 4 of glutamate appears in the 
carbon atom adjacent to the methyl group of mesaconate. 

The occurrence of carbon atoms 3, 4, and 5 in the same sequence in 
mesaconate as in glutamate excludes any mechanism for the conversion 
of glutamate to mesaconate which involves a transfer of the carbon atom 
5 carboxyl group from carbon atom 4 to carbon atom 3. Such a transfer 
would change the sequence of these 3 carbon atoms and would leave carbon 
atom 4 in the methyl group. Neither of these consequences is observed. 

In order to account for the formation of the branched chain structure 
and the labeling pattern of mesaconate, it is necessary to postulate that 
the bond between glutamate carbon atoms 2 and 3 is broken and that the 
2-carbon unit comprising carbon atoms | and 2 is transferred so that a new 
bond is formed between carbon atoms 2 and 4, leaving carbon atom 3 in 
the methyl group. This rearrangement probably involves several enzy- 
matic reactions which cannot be identified by the tracer experiments. 
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SUMMARY 


Cell-free extracts of Clostridium tetanomorphum convert glutamate-4-C" 
to mesaconate-C" which is labeled exclusively in the carbon atom adjacent 
to the methyl group. This and other tracer evidence prove, first, that the 
methyl carbon atom of mesaconate is derived from carbon atom 3 of gluta- 
mate and, second, that the formation of the branched chain structure of 
mesaconate results from cleavage of the bond between carbon atoms 2 and 
3 of glutamate, or a straight chain compound derived thereof, and forma- 
tion of a new bond between carbon atoms 2 and 4. 
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THE METABOLISM OF GLUTARIC ACID-3-C“ BY THE 
INTACT RAT* 


By DONALD C. HOBBSt anp ROGER E. KOEPPE} 
(From the Division of Chemistry, University of Tennessee, Memphis, Tennessee) 


(Received for publication, August 19, 1957) 


Glutaric acid has been shown to be an intermediate in the mammalian 
catabolism of lysine (1). Two routes have been proposed for the degrada- 
tion of glutaric acid (2-5). One pathway yields acetate, and the other 
involves a direct conversion to the carbon chain of a-ketoglutarate. In 
an effort to assess the relative importance of each pathway, we have 
studied the metabolism of glutaric acid-3-C™ in intact rats. The labeling 
patterns found in isolated glutamic acid, aspartic acid, and alanine are 
not compatible with a conversion to the carbon chain of a-ketoglutarate 
and indicate that glutarate is metabolized exclusively via acetate. 


EXPERIMENTAL 


Synthesis of Glutaric Acid-3-C™ 


Glutaric acid-3-C was synthesized by a modification of the methods of 
Otterbacher (6) and Welch (7). 14.04 mg. of paraformaldehyde-C" 
(obtained from the Nuclear-Chicago Corporation), having a specific 
activity of 34.7 wc. per mg., were diluted with 25.84 mg. of unlabeled para- 
formaldehyde and mixed with 0.6 ml. of diethyl malonate (purified by dis- 
tillation). 10 mg. of KCl and 1 drop of diethylamine were added as a 
catalyst. This mixture was allowed to stand at room temperature for 
15 hours and was then heated for 6 hours at 100°. 

The ethyl] ester of propane-1 ,1,3,3-tetracarboxylic acid was hydrolyzed 
by heating with 1 ml. of 6 N HCl at 100° for 6 hours. This was dried with 
an air jet at room temperature and decarboxylated to glutaric acid by 
heating at 150° for 30 minutes. After the addition of a few drops of water, 
the mixture was heated at 100° for 15 minutes to decompose any anhydride 
which may have been formed. The product was chromatographed (8) 
on a Celite column (25 cm. X 1 cm.) which, as determined in preliminary 


* Supported in part by the United States Atomic Energy Commission contract 
No. AT-(40-1)-2003. Presented in part at the 132nd national meeting of the American 
Chemical Society at New York, September, 1957. 

t Present address, Chas. Pfizer and Company, Inc., Brooklyn, New York. 

t Inquiries regarding this article should be addressed to this author. 
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cold runs, could separate glutaric acid from acetic and malonic acids and 
from unidentified acids formed in small amounts during synthesis. The 
material was eluted with chloroform containing 1, 5, and 10 per cent 
butanol. The fractions were titrated with 0.1 Nn NaOH, and aliquots 
were assayed for radioactivity by using a Geiger-Miiller counter. The 
specific activities of the glutarate samples were the same, within experi- 
mental error, indicating the absence of unlabeled impurities. Fractions 
containing C'* were chromatographed on paper with 1 N NH; in 78 per cent 
ethanol (9). By use of reduced ninhydrin (9) only one spot, corresponding 
to the known R, value for glutaric acid, was obtained for each fraction. 
All the radioactivity of the chromatograms was shown, by the paper 
strip scanning technique, to be located in an area identical to the ninhydrin 
spots. 

The fractions containing sodium glutarate were combined and dried. 
Analysis in a vibrating reed electrometer indicated a specific activity of 
0.33 me. per mmole. The over-all yield was 67.7 per cent. 

A portion of the glutaric acid, suitably diluted with carrier, was decar- 
boxylated by the Schmidt reaction (10). No significant activity was 
found in the carboxyl carbons. 


Animal Experiments 


Two male rats (of Wistar origin) from our own colony were each given 
a single intraperitoneal injection of 0.09 mmole (29.7 ue.) of sodium gluta- 
rate-3-C' in 0.5 ml. of water. The animals weighed 136 and 140 gm., 
respectively. They were placed in an all-glass metabolism jar which was 
swept with a slow stream of air, expired CO, being collected in 1 Nn NaOH. 
Food and water were supplied ad libitum. After 3 hours the animals were 
killed by a blow on the head; liver and “carcass’”’ protein powders were 
prepared (11). ‘‘Carcass” refers to the entire animal, except the liver, 
including the washed gastrointestinal tract. Liver protein powder was 
diluted 10-fold with carrier rat liver protein powder. Following hydrolysis 
and charcoal treatment, the amino acids were separated by an adaptation 
(12) of the ion exchange chromatographic method of Partridge and Brim- 
ley (13). 

Glutamic acid was degraded by the method of Mosbach e# al. (14) as 
modified by Koeppe and Hill (11). When it was found that the carboxyls 
contained virtually all of the radioactivity, the degradation was discon- 
tinued at the propionate stage, and the latter, representing carbons 2, 3, 
and 4 of glutamic acid, was oxidized to CO, directly. Alanine and aspartic 
acid were decarboxylated with ninhydrin (15). 

Carbon was assayed manometrically, and radioactivity was determined 
in a vibrating reed electrometer, as has been described (11). 
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DISCUSSION 


As shown in Fig. 1, carbon 3 of glutaric acid is rapidly oxidized to carbon 
dioxide. In fact, the rate of excretion as carbon dioxide is comparable 
to that reported by Rothstein and Miller (2) for carboxyl-labeled glutarate. 

The labeling patterns in the isolated amino acids are presented in Table 
I. It is apparent that each amino acid studied has most of its activity 
located in the carboxyl carbons. Only very small amounts of C™ are 
present in the non-carboxyl moiety. Since the liver alanine of Rat 43 
had a very low specific activity, the data for this compound are subject 
to greater error. The fact that virtually no C' was found in the non- 


uJ 
z CUMULATIVE 
330} EXPIRATION 
re) 
= 20Fr 
© @RAT 43 
= ior 45 
a. 
| 2 3 


TIME IN HOURS 


Fia. 1. Curves showing rapid oxidation of carbon 3 of glutaric acid to carbon 
dioxide. 


carboxyl portion of these amino acids strongly suggests that carbon 3 of 
glutaric acid is metabolized via the carboxy] position of an intermediate 
of the Krebs tricarboxylic acid cycle or the Embden-Meyerhof scheme of 
glycolysis. Metabolism via the non-carboxyl portion of these inter- 
mediates inevitably labels the non-carboxyl] positions of the amino acids 
isolated (16). 

The labeling patterns observed in the isolated glutamic acids are com- 
patible only with a conversion of carbon 3 of glutarate to the carboxyl 
of acetate. It has been repeatedly shown that this position of acetate 
yields carboxyl-labeled glutamate, with carbon 5 having at least twice 
as much activity as carbon 1 (11, 17-19). The absence of significant 


amounts of radioactivity in carbon 3 of glutamate eliminates the possi- 
bility of a direct conversion of glutarate to a-ketoglutarate. As is expected, 
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when metabolism proceeds via acetate (16), glutamic acid has a consider- 
ably greater specific activity than does alanine. 

Rothstein and others (3-5) have interpreted their data to be indicative 
of a direct conversion of a substantial portion of administered glutaric 
acid to a-ketoglutaric acid. Since our results are in conflict with the 
interpretations of Rothstein, Milier, and Bale, a brief comment is in order. 

With the possible exception of the labeling pattern found in urinary 
a-hydroxyglutaric acid after administration of carboxyl-labeled glutaric 


TABLE I 


C™ Distribution in Glutamic Acid, Aspartic Acid, and Alanine after 
Administration of Glutarate-3-C™ 


Rat 43 Rat 45 
Carcass Liver* Carcass 
mpc. per | percent | mpc. per | per cent | mpc. per | per cent 
mmole mmole mmole total 
Glutamic Total 43.6 130.4 49.0 
acid Carbon 1, a-car- 11.4 26 28.1 22 12.0 25 
boxy] 
Carbons 2-4 0.4 1 4.2 3 0.6 1 
Carbon 5, y-car- 31.9 73 100.2 77 35.4 72 
boxyl 
Sum, carbons 1-5.............. | 48.7 100 132.5 102 48.0 98 
Aspartic Total 16.7 33.0 | 16.3 
acid Carbons 1 + 4, car-| 16.4 98 32.3 98 16.2 99 
boxyls 
Alanine Total 5.8 13.8 6.2 
Carbon 1, carboxyl 5.8 100 12.3 89 5.8 94 


* Corrected for 10-fold dilution with carrier. 


acid to rats (4), all the data presented by these authors are compatible 
with the proposition that glutarate is metabolized via acetate. Most of 
the conclusions made were based on a comparison of specific activities 
of various tissue (5) and urinary (3, 4) metabolites. Though such com- 
parisons are of interest, they do not permit an accurate evaluation of routes 
of metabolism, because factors such as pool sizes and the precise metabolic 
geography of cells, organs, and animals are not known. It is entirely pos- 
sible, therefore, to isolate the end product of a series of biochemical reac- 
tions having a higher specific activity than that of an isolated intermediate 
(20). Thus the data reported by these authors are not necessarily in 
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conflict with those presented here. On the contrary, their results obtained 
from the degradation of acetoacetate (2), glucose (2), and glutamic acid 
(5) clearly support the postulate that glutaric acid is metabolized via acetate. 

Carboxyl-labeled acetate yields ratios of carbon 5 to carbon 1 in glutamic 
acid which approach the theoretical value of 2 (11, 17-19). As can be 
calculated from the data in Table I, glutaric acid-3-C™“ gave ratios of 
carbon 5 to carbon 1 of from 2.8 to 3.6. The finding of ratios greater than 
2 does not detract from the acetate hypothesis but merely indicates that 
complete isotopic equilibration through the Krebs tricarboxylic acid cycle 
did not occur prior to glutamate synthesis from a-ketoglutarate. 

Apparently glutaric acid metabolism in vivo resembles that of fatty 
acids. A reasonable hypothesis would be glutarate — glutaconate — 
6-hydroxyglutarate — acetonedicarboxylate. In this manner glutaric 
acid-3-C™ would yield acetonedicarboxylic acid labeled in the carbonyl 
position. Subsequent decarboxylation to acetoacetate followed by 
cleavage to acetate would account for the formation of carboxyl-labeled 
acetate. It should be noted that a cleavage of acetonedicarboxylic acid 
to malonic and acetic acids is also compatible with our data. The re- 
sulting carboxyl-labeled malonate would in turn yield carboxyl-labeled 
acetate (21). 


SUMMARY 


Glutaric acid-3-C' has been synthesized and administered to male 
rats. The labeling patterns found in isolated tissue glutamate, aspartate, 
and alanine indicate that the major catabolic route of glutarate is via 
acetate rather than a direct conversion to the carbon chain of a-keto- 
glutarate. 


The authors wish to acknowledge the helpful discussions with Dr. Robert 
J. Hill. 
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METABOLIC FATE OF HESPERIDIN, ERIODICTYOL, 
HOMOERIODICTYOL, AND DIOSMIN 


By ALBERT N. BOOTH, FRANCIS T. JONES, anp FLOYD DEEDS 


(From the Western Utilization Research and Development Division, Agricultural 
Research Service, United States Department of Agriculture, Albany, California) 


(Received for publication, September 16, 1957) 


Three metabolites appearing in the urine of animals after the ingestion 
of the flavonol quercetin (1, 2) having been identified, our interests were 
next centered on similar studies of several citrus flavonoids. Here again 
our primary concern was to find evidence, if any, that these compounds 
are absorbed from the gastrointestinal tract after oral ingestion and, 
secondly, if absorption does take place, to identify the breakdown products. 
A preliminary report has already been published (3). 

Hesperidin and its aglycon hesperetin, eriodictyol, and homoeriodictyol 
are flavanones, whereas diosmin and its aglycon diosmetin are flavones 
(Fig. 1). Homoeriodictyol has not been isolated from citrus products 
but is included because of its structural similarity to the citrus flavanones. 
One other citrus flavanone, naringin, is currently being investigated in 
regard to its metabolic fate, and the results will be reported in a subsequent 
publication. 

Materials 

We are indebted to Dr. R. M. Horowitz of our Pasadena Laboratory 
for samples of diosmin, diosmetin, and eriodictyol which were isolated 
from lemon peel (4, 5). Hesperidin and its aglycon hesperetin were 
purchased from the Sunkist Growers, Ontario, California, and homoerio- 
dictyol was isolated from yerba santa (6). Before use, these compounds 


were again crystallized, if necessary, until found to be chromatographically 
homogeneous in the two-dimensional system described below. 


Methods 


The experimental procedure used for collection and detection of the 
phenolic acids in urine has already been described (2). This involved the 
use of ascending two-dimensional paper chromatograms of the ether 
extracts of acid urines which were developed with the bottom phase of a 
mixture of chloroform, acetic acid, and water (2:1:1) in the first direction, 
followed by 20 per cent aqueous potassium chloride in the second direction. 

Detection of Conjugates—A systematic screening of the ether extracts of 
urine for conjugates of phenolic acids involved hydrolysis with 20 per cent 
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HCl (usually for 2 hours under a reflux), followed by ether extraction of 
the hydrolysate and migration in the two-dimensional paper chromato- 
graphic system. After the air-dried chromatogram was first examined 
and all fluorescent and absorbing areas visible under ultraviolet light were 
marked, it was sprayed with diazotized sulfanilic acid to form dyes with 
the phenolic compounds. A direct comparison could then be made be- 
tween the chromatograms before and after hydrolysis for the appearance 
of new areas and the disappearance of other areas. 


FLAVONOID m-HYDROXYPHENYL 
PROPIONIC ACID 


Fic. 1. Flavonoid structure, site of cleavage, and principal metabolic product 
from rat urine. 


Flavonoid Position R Position R! Position R? A 2:3 
Hesperidin —OH —OCH; —O—RG* No 
Hesperetin —OH —OCH; —OH 
Diosmin —OH —OCH; —O—RG* Yes 
Diosmetin —OH —OCH; —OH 
Eriodictyol —OH —OH —OH No 
Homoeriodictyol —OCH; —OH —OH 


*-—-RG = rhamnoglucoside. 


The hydrolysis procedure just described was also applied to specific 
areas cut out of unsprayed chromatograms of ether extracts of urine, in 
which case the phenolic acid or flavonoid released could be specifically 
associated with the suspected conjugate. 

Detection of Glucuronic Acid—In addition to identifying the phenolic 
portion of a conjugate found in urine, attempts were made to identify the 
substance to which the phenolic acid was coupled to form the conjugate. 
Glucuronic acid was determined as follows: The area on the chromatogram 
suspected of being a glucuronide was cut out and eluted with several 
portions of hot 50 per cent aqueous methyl alcohol. The combined eluates 
were reduced under a partial vacuum to a small volume, and the hydrolysis 
was accomplished with sulfuric acid according to the method of Dische (7). 
One-half of the hydrolysate served as a control, and carbazole was added 
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to the other half. The formation of a pink color, the intensity of which 
could be measured in a colorimeter compared with the control, served as a 
basis for a positive test. 

Detection of Glycine—The area suspected of being a glycine conjugate on 
an unsprayed chromatogram was eluted with hot water and hydrolyzed 
in 20 per cent HCl for 2 hours under a reflux. The hydrolysate was reduced 
to dryness under a partial vacuum in a nitrogen atmosphere until the HCl 
was completely removed. Then the residue was dissolved in a small 
volume of water, dried on a piece of Whatman No. | filter paper, and 
sprayed with o-phthalaldehyde (8). The development of a green color 
indicated the presence of glycine. 


Results 


Hesperidin (1 gm.) was given by stomach tube to a rabbit (weight = 3 
kilos) subsisting on a commercial pelleted ration. When the chromato- 
gram of the 24 hour urine sample was compared with that of a control 
urine sample, there was no apparent difference. This indicated that little, 
if any, absorption had taken place, especially if the following results are 
considered. After a 5 day adjustment period, the same rabbit was given 
1 gm. of hesperetin. In this case there was unmistakable evidence of 
absorption having taken place. There was a marked increase in the size 
and color intensity of the area on the chromatogram corresponding to 
m-hydroxyphenylpropionic acid (m-HPPA) (Area 6, Fig. 2) which is 
normally present in small amount. Areas corresponding to hesperetin 
and its glucuronide (Areas 2 and 7, Fig. 2) were also visible. 

When the same rabbit was adjusted to a purified diet consisting of starch, 
Cerelose, casein, Cellu flour, salts’ (including potassium acetate and mag- 
nesium oxide), oil, and vitamins, the paper chromatogram of the urine 
extract contained relatively few colored areas after spraying with diazotized 
sulfanilic acid, compared to the chromatogram obtained when the animal 
was subsisting on the commercial ration. Then 1 gm. of hesperidin was 
given by stomach tube. The results were strikingly in contrast with the 
situation already described when little, if any, evidence of absorption was 
obtained. In addition to small amounts of hesperetin and its glucuronide, 
at least seven other metabolites were clearly in evidence, including 3,4- 
dihydroxyphenylpropionic acid, 3-methoxy-4-hydroxyphenylpropionic acid, 
m-coumaric acid (m-hydroxycinnamic acid), m-HPPA, m-hydroxyhippuric 
acid, m-hydroxybenzoic acid, and 3-methoxy-4-hydroxybenzoic acid. All 
of these acids have been previously identified in urine after the administra- 
tion of 3 ,4-dihydroxyphenylpropionic acid or 3-methoxy-4-hydroxyphenyl- 
propionic acid to rats (9). 


1 The salt mixture was U.S. P. XIV (1950). 
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The results obtained when hesperidin was administered to rabbits 
prompted us to perform similar experiments with rats and humans. The 
administration by stomach tube of either 100 or 300 mg. of hesperidin per 
rat on a purified diet led to the appearance of m-HPPA as the most promi- 
nent degradation product on the chromatogram. There were also lesser 
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Fic. 2. Two-dimensional schematic chromatogram of compounds and their be- 
havior under ultraviolet light and color with diazotized sulfanilic acid respectively: 
Area 1, eriodictyol, absorbs, dirty yellow; Area 2, glucuronides of hesperetin, homo- 
eriodictyol, and eriodictyol, negative ultraviolet light, dark orange to brown; Area 
3, 3-hydroxy-4-methoxyphenylhydracrylic acid, negative ultraviolet light, reddish 
orange; Area 4, diosmetin, absorbs, dirty orange; Area 5, m-coumaric acid, pale 
bluish white fluorescence, yellow, then tan; Area 6, m-HPPA, negative ultraviolet 
light, yellow-orange; Area 7, hesperetin and homoeriodictyol, absorbs, orange; Area 
8A, trans-isoferulic acid, pale blue fluorescence, pink; Area 8B, cis-isoferulic acid, 
pale blue fluorescence, pink; Area 9, dihydroferulic acid, absorbs, red; Area X (site 
of application), hesperidin and diosmin, negative ultraviolet light, orange; also the 
glucuronide of diosmetin, absorbs, yellow. 


amounts of m-coumaric acid (Area 5, Fig. 2), hesperetin, and a conjugate 
of hesperetin. 

When the aglycon of hesperidin (hesperetin) was given to rats (150 mg. 
per rat), the same urinary products were obtained as in the case of hesperi- 
din, although the degree of absorption, as judged by these excretory prod- 
ucts in the urine, was greater in the case of hesperetin. 

Rats were given diosmin (400 mg. per rat by stomach tube) while sub- 
sisting on a purified diet. The major metabolite was m-HPPA. Only 
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traces of m-coumaric acid and diosmetin were present on the chromatogram. 
When diosmetin was given (200 mg. per rat), the results were similar but 
more pronounced and, in addition, a conjugate of diosmetin was present 
(Area X, Fig. 2). The conjugate was identified as the glucuronide of 
diosmetin by procedures described above. 

When rats were given eriodictyol (300 mg. per rat), the results were 
comparable to those obtained after hesperetin and diosmetin in that 
m-HPPA was the major metabolite with lesser amounts of m-coumaric 
acid and a conjugate being present. The conjugate was identified as the 
glucuronide of eriodictyol (Area 2, Fig. 2). In addition, there was an area 
corresponding to homoeriodictyol on the chromatogram. Methylation 
of the 3’-hydroxyl group of eriodictyol would account for the formation of 
homoeriodictyol. Methylation of a 3/-hydroxyl group has been shown to 
occur in the animal body (2, 9, 10). 

Finally, rats on the purified diet were given homoeriodictyol (150 mg. 
per rat). Again the excretion of m-HPPA was very apparent on the 
chromatogram. Also rendered strikingly visible was the presence of a 
conjugate of homoeriodictyol as well as homoeriodictyol per se. The 
conjugate was identified as a glucuronide (Area 2, Fig. 2). Of lesser magni- 
tude was the excretion of m-coumaric acid and one other metabolite which 
was not detected on the other chromatograms of rat urine already discussed ; 
namely, dihydroferulic acid (Area 9, Fig. 2). 

Hesperidin (2 gm.) was ingested by a human subsisting on an ordinary 
diet except for the exclusion of coffee and citrus products. Coffee was 
excluded in order to minimize the excretion of chlorogenic acid metabolites 
in the urine (9). The results were strikingly different from those obtained 
when rats received hesperidin. The major metabolite on the chromato- 
gram of the ether extract of the urine had Ry, values which were entirely 
different from any of the metabolites identified in rat urine (Area 3, Fig. 2). 
Hydrolysis of this area cut out of an unsprayed chromatogram led to the 
formation of isoferulic acid which was detected chromatographically (Areas 
8A and 8B, Fig. 2). These results indicated, in the case of Area 3 on the 
chromatogram, that we were probably dealing with isoferulic acid con- 
jugated with either glycine or glucuronic acid. The fact that this area 
gave a color with diazotized sulfanilic acid indicated the presence of a free 
hydroxyl group and hence ruled out ethereal sulfate conjugation. How- 
ever, we were unable to detect the presence of glycine or glucuronic acid 
in this area. This led us to consider other possibilities for the structure 
of our unknown metabolite. We have found that the removal of a molecule 
of water from the side chain of m-hydroxyphenylhydracrylic acid’ can 
readily be achieved simply by refluxing this compound in 20 per cent HCl 


? We wish to thank Dr. K. N. F. Shaw for a sample of pure (—)-8-m-hydroxy- 
phenylhydracrylic acid (11). 
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to yield m-coumaric acid. Assuming that a similar reaction accounts for 
the formation of isoferulic acid, then the tentative identification of the 
unknown compound would be 3-hydroxy-4-methoxyphenylhydracrylic 
acid. This compound has been synthesized and found to be identical with 
the urinary metabolite based on Fy values from a two-dimensional paper 
chromatogram, behavior under ultraviolet light, color with diazotized 
sulfanilic acid, and conversion to isoferulic acid upon acid hydrolysis. 
The unexpected results obtained after the ingestion of hesperidin by a 
human and the finding already presented that hesperetin is more readily 
absorbed than the glycoside by rabbits on an ordinary diet prompted us to 
investigate the metabolic fate of hesperetin in the human. Urine samples 
were collected at 0 to 7, 7 to 21, 21 to 31, and 31 to 45 hour intervals after 
the ingestion of 1 gm. of hesperetin suspended in milk. In confirmation 
of the results obtained when hesperidin was ingested, the major metabolite 
was identified as 3-hydroxy-4-methoxyphenylhydracrylic acid and was 
detected in the 7 to 21 hour urine sample. A small amount of what was 
found to be the glucuronide of hesperetin was also visible on the chroma- 


togram. 


DISCUSSION 


It is interesting to note that without exception the six flavonoids included 
in this report all gave rise to m-HPPA when fed to rats (Fig. 1). Rabbits 
also excreted m-HPPA in the urine when given hesperidin while subsisting 
on a purified diet, or hesperetin while ingesting a commercial ration. 
Whether or not there was a double bond between carbons 2 and 3 of the 
middle ring and whether or not one or the other or neither of the two 
hydroxyls on the right hand Ring B was methylated, each of the flavonoids 
suffered molecular cleavage to yield a phenolic acid with a 3-carbon side 
chain. In contrast, our previously reported results obtained when querce- 
tin was fed to animals indicated a cleavage which yielded three phenolic 
acids, each having a 2-carbon side chain (2). This finding indicates the 
importance of a hydroxyl group on carbon 3 of the middle ring in deter- 
mining whether a compound with a 2- or 3-carbon side chain will be excreted 
in the urine. The formation in rats of m-HPPA from the four flavonoids 
that contain a 4’-methoxyl group (Fig. 1) must have involved demethoxyla- 
tion or demethylation followed by dehydroxylation of carbon 4’ of Ring B. 
In the case of homoeriodictyol, demethylation of the methoxyl group of 
carbon 3’ and dehydroxylation of the 4’-hydroxyl group would account for 
the formation of m-HPPA. Only dehydroxylation of the 4’-hydroxyl 
group would be required in the case of eriodictyol to give rise to m-HPPA. 
Several examples of dehydroxylation and demethylation taking place in 
the animal body have been reported previously (9, 10). 
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Except for the apparent tendency of the rhamnoglucoside group to 
reduce absorption of the flavonoid glycoside, the results were comparable 
with the corresponding aglycons, suggesting that the sugar moiety is 
hydrolyzed in the animal body. Additional work will be necessary to 
account for the failure to demonstrate absorption of hesperidin by the 
rabbit subsisting on a commercial ration. The possibility exists that some 
constituent or constituents in the ration tie up the flavonoid during passage 
through the intestinal tract, thus preventing or restricting absorption. 
The non-absorption is reflected in the absence of urinary metabolites 
which did appear when a different diet was used. 

The finding of isoferulic acid (after hydrolysis) following the ingestion 
of hesperidin by the human is easy to visualize if Ring B remains unchanged 
during the cleavage of the middle ring. However, a species difference 
between the human and rat in regard to degradation of hesperidin obviously 
must be involved. 

Without exception, m-coumaric acid was found to be present on all 
chromatograms of rat urines when m-HPPA was identified as the major 
degradation product. This is in agreement with the finding already re- 
ported (9) to the effect that, when rats are given m-HPPA orally, the 
compound is converted to m-coumaric acid, which in turn undergoes 
6 oxidation to yield m-hydroxybenzoic acid, which is primarily excreted 
as m-hydroxyhippuric acid. However, in this series of experiments with 
rats, we were unable to detect any appreciable evidence of further degrada- 
tion of the small amounts of m-coumaric acid formed. 


SUMMARY 


The metabolic fate of six flavonoids (hesperidin, hesperetin, diosmin, 
diosmetin, eriodictyol, and homoeriodictyol) has been studied after oral 
ingestion by rats. In each case m-hydroxyphenylpropionic acid was 
found to be present in the urine, along with lesser amounts of m-coumaric 
acid and the aglycons. The aglycons were free and conjugated with 
glucuronic acid. This was proof not only that absorption from the intes- 
tinal tract had occurred but also that cleavage of the middle ring of the 
flavonoid had taken place, accompanied by dehydroxylation, demethoxyla- 
tion, or demethylation, followed by dehydroxylation to yield m-hydroxy- 
phenylpropionic acid. A species difference was observed between the rat 
and human when hesperidin was ingested. The composition of the diet 
exerted marked effects upon the absorption of hesperidin by rabbits. 


We wish to thank Mr. C. W. Murray for the synthesis of 3-hydroxy- 
4-methoxyphenylhydracrylic acid. 
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CRYSTALLINE PAPAIN: NUMBER‘AND REACTIVITY OF 
THIOL GROUPS; CHROMATOGRAPHIC BEHAVIOR* 


By BERNARD J. FINKLE anp EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, 
and the Departments of Biological Chemistry and Medicine, University 
of Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, July 1, 1957) 


Three different hypotheses have been proposed to explain the findings 
that papain requires the addition of certain types of activators for maximal 
activity. These views regarding the action of the activators may be de- 
scribed briefly as involving (a) reduction of a disulfide by a reducing agent 
to form an active thiol group in the enzyme, (b) removal of inhibiting metal 
ions by the activator, and (c) action of the activator as a coenzyme. These 
hypotheses have been discussed in a recent review (3). With the crystal- 
line enzyme, Kimmel and Smith (4) were able to demonstrate that at least 
two of these effects were involved inasmuch as maximal activity of papain 
was obtained only when both a chelating agent and a reducing agent were 
present; e.g., Versene! and cysteine. It was later observed that BAL 
alone produced maximal activation of the enzyme (5). 

The finding that ficin, an enzyme which is similar to papain, could be 
maintained in the active form after removal of reducing agents by anaero- 
bic dialysis or could be inactivated by exposure to air (6) threw some 
doubt on the correctness of the coenzyme theory. 

We have now been able to demonstrate that papain is active in the ab- 
sence of added activators. This has been accomplished by passing solu- 
tions of the enzyme through a multibed ion exchange column which in- 
cluded a bed containing thioglycolate bound to the resin. With ion-free 
papain prepared in this manner, we have studied the reactivity of the thiol 
groups of this enzyme with various agents. The results demonstrate that 
one thiol group is more reactive than others and intimately concerned with 
the enzymic activity. These findings indicate that there is probably only 
one enzymically active site in the papain molecule. Studies of ethanol and 
urea solutions of the protein suggest that disulfide bridges are absent from 
the molecule. 


* This work was aided by research grants from the National Institutes of Health, 
United States Public Health Service, and the Rockefeller Foundation. Preliminary 
reports of a part of this work have been presented (1, 2). 

1 The following abbreviations are used: PCMB, p-chloromercuribenzoate; PCMBS, 
p-chloromercuribenzenesulfonic acid; IAA, iodoacetamide; Versene, ethylenedi- 
aminetetraacetate; BAA, benzoyl-L-argininamide; BAL, dimercaptopropanol. 
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Although crystalline papain or mercuripapain is essentially homogeneous 
as judged by several criteria (3), the preparations vary in proteolytic ac- 
tivity which is proportional to the amount of sulfhydryl reactive with 
PCMB. Even in the best preparations only a part of a mole of a sulfhy- 
dryl group per mole of protein could be found. These results suggest that 
crystalline enzyme preparations contain a mixture of active and inactivated 
material. Since these components cannot be differentiated by the usual 
physical or chemical methods, the chromatography of papain on the car- 
boxylic resin, IRC-50, has been studied. Evidence has been obtained for 
a partial resolution of active from inert papain on this resin. 

During the autodigestion of crystalline papain, active as well as inert 
fragments are formed which can be partially resolved chromatographically 
from the intact protein. 


EXPERIMENTAL 


Two or three times crystallized papain was prepared and converted to 
crystalline mercuripapain by the procedure of Kimmel and Smith (4). 
The enzyme was obtained from dried latex, which was kindly furnished by 
the Wallerstein Laboratories. Two preparations of freshly dried latex 
were shipped by air from the Belgian Congo; we are grateful to Dr. Jean 
Close for arranging these shipments for us. 

The enzyme was assayed by the method of Grassmann and Heyde with 
benzoyl-L-argininamide as substrate under the conditions previously de- 
scribed (4). Protein was determined by a turbidimetric method which 
was calibrated by Kjeldahl] determinations (4). When the enzyme was 
assayed in the absence of activators, all glassware was rinsed with and 
solutions were made up in deionized water. The substrate BAA was re- 
crystallized from 0.001 m Versene solution and then from deionized water. 

A system of multibed ion exchange resins developed by Dintzis (7)? 
for the study of mercaptalbumin was modified for use with papain. The 
system is shown schematically in Fig. 1. The main feature of this series 
of resins is the bed containing thioglycollate ion bound by its carboxy] group 
to IRA-400. The thiol groups are free to act as reducing agents or to 
remove metal ions by forming mercaptides. In essence, a 1 per cent solu- 
tion of papain or mercuripapain in 10-? to 5 X 10 m sodium bicarbonate, 
on passing through the column shown in Fig. 1, emerges unretarded and 
almost quantitatively in the eluate in ion-free solution. 

The resins were prepared from the cation exchanger Dowex 50-X10 
(20 to 50 mesh) and the anion exchanger IRA-400 (20 to 50 mesh). The 
ammonium and acetate cycle resins are present to buffer the ambient 


2 We are grateful to Dr. John T. Edsall for furnishing us with a copy of this mate- 
rial. 
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solution at pH values suitable for sulfhydryl] exchange reactions and to 
prevent denaturation. The final sequence of resins was substituted for 
the mixed bed (hydrogen and hydroxyl forms) used by Dintzis, since the 
mixed bed caused precipitation of papain. 


Ammonium Cycle 
Dowex-50 


Thioglycolate Cycle 
IRA-400 


Acetate Cycle 
IRA-400 


Hydrogen Cycle 
Dowex- 50 


Hydroxyl Cycle 
IRA-400 


Hydrogen Cycle 
Dowex-50 


---Glass Wool 


Fic. 1. A diagram of the system of ion exchange resins used for preparing reduced, 
ion-free papain solutions. The column diameter is 1.5 cm., and the length of each 
bed of resin is 2.5 cm. 


The thioglycolate cycle resin is prepared as needed by adding thiogly- 
colic acid to a stirred suspension of IRA-400 in the hydrogen cycle until 
the suspension is acid to methyl-red. Because of the lability of the thio- 
glycolate, the entire column was freshly poured for each run. When mer- 
curipapain was passed through the 6-bed column, the mercury was quan- 
titatively removed from the protein, as shown by analyses on several 
treated preparations. Mercury analyses were performed by the method 
of Laug and Nelson (8). When ion-free solutions of papain were not re- 
quired, a column containing only the top three resins shown in Fig. 1 was 
used. The emergent solution then contained ammonium acetate equiva- 
lent to the concentration of ions present originally. 
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Results 


Activity of Column-Treated Papain—As shown in Fig. 2, papain eluted 
from the 6-bed column of Fig. 1 possessed modest activity in the absence 
of added agents when assayed immediately. However, the enzyme was 
rapidly inactivated after a variable, short time (Curves IIIa and IIIb, 
Fig. 2). When Versene and citrate were added, the activity was greatly 
stabilized (Curve II), but full activity was not obtained. Addition of 
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40 
TIME (minutes) 
Fig. 2. Activity of column-reduced papain in the presence only of substrate 
(Curves IIIa and IIIb), in the presence of 0.01 m Versene and 0.02 m citrate (Curve 
II), and with the addition of 0.05 m cysteine (Curve I). In all cases, the pH was 
5.4, the enzyme concentration 2.2 X 10-* M, and the substrate 0.05 m BAA. 


cysteine and chelating agents (Curve I) resulted in enzyme activity equal 
to that of the untreated preparation. 

These results indicate that papain does not require added cofactors for 
activity but that the enzyme is rapidly inactivated in the presence of 
traces of contaminating metal ions. Both Versene and citrate can stabilize 
the enzyme, but the mixture is more effective than either reagent alone. 
The effectiveness of these agents suggests that procedures for cleaning 
glassware and purifying the substrate are inadequate for removing traces 
of metal ions which can cause inhibition of the enzyme. 

Sulfur Content of Ion-Free Papain—Within the past few years, it was 
reported for ribonuclease (9) and papain (10) that the amino acid compo- 
sition failed to account for the sulfur content of these proteins. It has 
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subsequently been found that the preparation of crystalline ribonuclease 
which was analyzed contained inorganic sulfate. Analyses for total S 
are now in accord with the methionine and cystine content of ribonuclease 
(11). Because of the experience with ribonuclease, the sulfur content of 
papain has been re-examined on preparations passed through the 6-bed 
column shown in Fig. 1. The papain was precipitated with ethanol, 
washed with absolute ethanol and then with ether, and dried in air. One 
sample analyzed by Dr. A. Elek (Elek Micro Analytical Laboratories, 
Los Angeles) gave 1.17 per cent S, and another analyzed by Mr. S. T. Bella 
of the Rockefeller Institute for Medical Research? gave 1.32 per cent. 
The average of these two determinations is 1.25 per cent S in the anhydrous, 
ash-free protein. ‘This value is in accord with the 1.22 per cent previously 
reported from this laboratory (4) and the 1.2 per cent found by Balls and 
Lineweaver (12). In addition, neither we nor Mr. Bella could detect in- 
organic sulfate in acid hydrolysates of papain. 

The sulfur content indicates 8 atoms of this element in papain, whereas 
there are only 6 half cystine residues (10) and no methionine in the protein 
(13, 14). This discrepancy suggests the presence of 2 atoms of S in un- 
known form. Although there is no evidence as yet to suggest the form of 
this sulfur, a number of possibilities may be excluded. The absence of 
inorganic sulfate in the acid hydrolysate excludes the presence of acid- 
labile sulfate esters. Examination of acid hydrolysates of papain (13) 
and oxidized papain (10) does not reveal the presence of unknown or other 
known amino acids which react with ninhydrin. Lanthionine has not 
been detected (15), nor has thiolhistidine.* 

Formation of Mercuripapain—lIt has been reported (4) that papain can 
be crystallized as a mercury derivative which has the analytical composi- 
tion of a dimer; z.e., the molar ratio of mercury to papain is 1:2, although 
the physical behavior of the derivative is more complex (16). It has been 
suggested that the crystalline mercuripapain is probably the least soluble 
of several possible mercury complexes formed with the protein. To de- 
termine the maximal binding capacity of papain for mercuric ion, column- 
reduced papain was prepared by the procedure described above with the 
6-bed reducing column. Below these six beds of resins, an additional 
terminal bed was placed which consisted of the mercury mercaptide of 
thioglycolate ion bound to the anion exchange resin IRA-400. This was 
formed by rapidly passing mercuric acetate through a thioglycollate cycle 
resin bed (formed as described above). The amount used is rather critical. 
Most satisfactory results were obtained by using 6 ml. of 0.5 M mercuric 
acetate (Merck, reagent grade) per ml. of resin. The resin was then thor- 


3 We are indebted to Dr. Stanford Moore for having this analysis performed. 
‘Unpublished observations of Dr. J. R. Kimmel of this laboratory. 
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oughly washed with deionized water. It may be noted that too large an | 


excess of mercuric acetate will displace thioglycolate from the resin, whereas 
with insufficient mercuric acetate a white precipitate is formed; this pre- 
cipitate may be washed out with an adequate excess of the mercuric ace- 
tate solution. 

Various lengths of the terminal mercurithioglycolate bed of IRA-400 
were tested in order to be certain that complete reaction took place. As 


long as the molar quantity of mercury present on the column was much 

greater than the amount of protein used, the results were the same. Seven | 
independent analyses gave the following results in mg. of mercury per 100 | 
mg. of papain: 1.00, 1.00, 1.07, 1.10, 0.90, 1.05, and 0.93 for an average of | 
1.01 + 0.06 per cent mercury. This yields a value of 19,900 gm. of protein | 


combined with 1 mole of mercury, a value which is in excellent agreement 
with previous determinations of the molecular weight of the protein (16). 


Expressed in another way, the maximal binding capacity is 1 mole of mer- 


cury per mole of papain. 


In 0.49 per cent solution the 1:1 mercuripapain shows a single electro- | 


phoretic peak (1) with a mobility of 4.7 * 10-5 sq. cm. per volt per sec. 
in acetate buffer at pH 4.0, and 0.1 ionic strength. The mobility is the 


same as that of crystalline papain, which is 4.6 K 10-5 (16), but the beha- | 
vior differs from that of crystalline (1:2) mercuripapain which shows two | 


peaks (1, 16). 
The 1:1 mercuripapain sediments as a monodisperse peak having an 


820.0 = 2.48 at pH 4. This is the same value previously found for papain | 
or crystalline mercuripapain under the same conditions (16). It is evident | 


that the 1:1 mercuripapain is a monomer under these conditions.® 


When the 1:1 mercuripapain was treated with absolute ethanol to bring | 
the concentration to 70 per cent, the condition for crystallizing mercuri- | 
papain (4), crystallization of the protein occurred. Analyses on three | 


different preparations gave an average value of 0.51 per cent mercury, 
which is essentially the same as previously found (0.47 per cent) for crys- 
talline mercuripapain (4). In other words, under crystallizing conditions, 
the 1:1 derivative (1.01 per cent Hg) is transformed to the 1:2 derivative 
(0.51 per cent Hg), the least soluble mercury derivative of papain. 

It may be noted that the proteolytic activity of the 1:1 mercuripapain 
is the same as that of papain or of the 1:2 derivative when assayed with 
BAA as substrate in the presence of cysteine and Versene. 

Reaction with PCM B—The spectrophotometric method developed by 
Boyer (17) for estimating sulfhydryl groups reactive with PCMB was used 
for papain which had been reduced with the 6-bed or the simpler 3-bed 


5 We are indebted to Mr. Douglas M. Brown for the electrophoretic and sedimenta- 
tion determinations. 
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column described above. 
_ gave the same molar absorbancy within 3 per cent as the published value. 
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The recrystallized PCMB, as the sodium salt, 


Reduced papain was collected from the column, stored in an ice bath, 
and used within 1 hour. The reaction was performed in 0.33 m acetate 
buffer at pH 4.6 in the presence of excess PCMB. The change in molar 
absorbancy (AA) when PCMB reacts with protein sulfhydryl was estimated 
by reaction with excess papain. AA = 8.5 X 10* per mole per liter for 
protein to PCMB molar ratios of 2.1:5.7. 

The solid line of Fig. 3 shows that, with 2.2 times excess of PCMB, the 
reaction with papain is very rapid, reaching 90 per cent of the maximal 


AA 


TIME, before mixing si 
Hours 


0.10 


0.05F- 


5 100 ©6200 10 20 
MINUTES HOURS 
Fig. 3. Change in absorbancy (AA) at 255 my of column-reduced papain with 
PCMB. Each curve shows the results obtained with an aliquot after standing at 
room temperature for the indicated time. 


change within 2 minutes. In general, readings at 120 minutes were used 
to estimate the sulfhydryl content of papain solutions. The data of Fig. 
3 also demonstrate that reduced papain slowly loses some of its ability to 
react with PCMB upon standing at room temperature; the significance of 
this finding will be discussed below. 

Data obtained on several different preparations of papain show different 
amounts of reactive thiol. The results given in Fig. 4 indicate that the 


proteolytic coefficient, C:, for BAA is proportional to the amount of reac- 
tive SH. Extrapolation to a value of one sulfhydryl group per mole indi- 
cates a maximal C; of 2.2, whereas the most active preparation used in these 
studies gave a C,; = 1.8. This material was prepared from a batch of 
freshly dried latex shipped by air from the Belgian Congo. It may be 
noted that C; values of 1.2 to 1.3 were reported earlier (4). 
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that the absolute value for C depends upon the history of the dried latex 
used, and, indeed, as shown in Fig. 3, the specific reactivity with PCMB 
changes when papain solution is allowed to stand at room temperature in 
the presence of air. The loss in PCMB reactivity is also reflected in an 
irreversible loss of enzymic activity as assayed with BAA in the presence 
of cysteine and Versene. 

It may be noted that Balls and Lineweaver (12) reported earlier that 
various preparations of papain obtained from fresh latex would crystallize 
in identical form but with varying activity as assayed with protein sub- 


1.0 
SH~MOLES/MOLE PROTEIN 


Fig. 4. Proteolytic coefficient (C,) for hydrolysis of BAA as a function of reac- 
tive sulfhydryl] for different preparations of column-reduced crystalline papain. 


strates. In this laboratory we have found that C, for BAA has varied 
from 0.8 to 1.8 for crystalline enzyme obtained from different batches of 
dried latex. This value has altered little upon repeated crystallization. 
The nature of this variation is discussed below. For the present, it may 
be emphasized that active papain always reacts with less than 1 equivalent 
of PCMB. 

Reaction with Iodoacetamide—Balls and Lineweaver (18) titrated crys- 
talline papain with iodine and found that only one SH group per mole of 
protein was oxidized by iodine, based on a molecular weight for papain 
of 30,000. Treatment of papain with excess iodoacetic acid abolished the 
iodine reaction. Inasmuch as papain has a molecular weight near 20,500 
(16), it is evident that the data indicate that only about 0.7 of an SH group 
was reactive in their preparation. 


p 
r 
Ci 
W 
t] 
/ 
7 
@ 
| 
| 
0. 
SI 
d 
p 
e 
p 
a 
ti 
d 
XUM 


at 


b- 


B. J. FINKLE AND E.'L. SMITH 677 


We have studied the reaction of IAA with papain since this reagent offers 
some promise as a method of labeling specifically the reactive SH group, 
provided that 1 or less than 1 equivalent reacts with this reagent. In this 
reaction, the stable S-carbamoylmethy] derivative of cysteine should be 
formed. | 

The IAA was washed with ether and recrystallized from water after 
concentration 7m vacuo. Column-reduced papain, buffered at pH 6.2 
with 0.005 m citrate and 0.0005 m Versene, was treated with different quan- 
tities of IAA for 60 minutes at 39°. Aliquots were assayed with BAA as 
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Fig. 5. Inhibition of two preparations of papain by IAA. The extrapolated 
values indicate about 0.4 to 0.5 mole of reactive SH in one preparation and about 
0.85 mole in the other. 


substrate in the usual manner. The results are shown in Fig. 5 for two 
different preparations of crystalline papain. 

It is evident that slightly more than 1 equivalent of IAA produces com- 
plete inhibition of the enzyme. This inhibition is irreversible even with 
excess BAL or with cysteine and Versene. Extrapolation of the initial 
portions of the data in Fig. 5 indicates in one case about 0.85 mole of re- 
active SH, and in the other about 0.4 to 0.5 mole. These values are in the 
range observed for the reaction of PCMB with papain described above. 

In order to determine the extent of reaction by another method, a spec- 
trophotometric method was developed. Fig. 6 shows that there is a large 
difference in absorption between IAA and Nal. The molar absorbancy 
at 235 my is 7900 for NaI and 514forIAA. Residual IAA can be estimated 
conveniently at 275 my where the absorbancy is 372 and the Nal absorp- 
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tion is negligible. The molar absorbancy of papain at 275 my is 1.0 x 
10°, so that complete removal of protein is essential.6 The contributions 
of citrate, Versene, and perfluorooctanoic acid (used as precipitating agent) 
were of no consequence, since absorption was determined by difference 
from the control solution. 

The procedure was as follows: IAA was allowed to react with column- 
reduced papain in citrate-Versene buffer at 39° for 1 hour as described 
above. To 1.0 ml. of reaction mixture, 0.05 ml. of 1 m HCl and 2.0 ml. 
of a saturated solution of perfluorooctanoic acid were added; after 30 
minutes at room temperature and 30 minutes at 5°, the suspension was 


Optical Density 


230 240 250 260 270 280 270 300 310 320 
Wavelength ~ma 
Fig. 6. Absorption spectra of 1.35 K 10-5 m papain, 1.0 X 10° m IAA, and 1.0 X 
10-* m Nal. The curve marked Nal X 10 is for 1.0 X 10-3 Nal. 


centrifuged at 5°. When the supernatant fluid was slightly turbid, the | 


solution was clarified by centrifugation for 30 minutes at 50,000 r.p.m. in 
the Spinco preparative ultracentrifuge. Absorption was measured in a 
Beckman spectrophotometer at 235 and 275 mp. The amount of iodide 


formed was calculated from absorbancy at 235 my after subtraction of the | 
small contribution from any residual IAA as estimated from the reading | 


at 275 mu. 


Two sets of experiments with the same preparations of papain which | 


were used for the inhibition studies of Fig. 5 may be cited. With a papain 
preparation of C, = 1.2, the maximal amount of I- produced was 0.46 
6 It may be noted that the absorption spectrum of three times crystallized papain 


shown above differs considerably from that given by Tollin and Fox (19) for an 
electrophoretically inhomogeneous preparation. 
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mole per mole of protein when as much as | or 2 equivalents of IAA were 
used. In the other case, a papain preparation with a C; = 1.5 was used. 
I- produced was equivalent to IAA added when 0.2 and 0.5 mole of IAA 
per mole of papain were added. With 1.1 equivalents of IAA per mole of 
enzyme, the amount of I- produced was 0.66 equivalent. ‘The same value 
was obtained at pH 8.3 (Veronal buffer) as at pH 6.2. 

These results are in agreement with the studies of Fig. 5 in showing that 
less than 1 equivalent of IAA is required for enzyme inhibition and that 
approximate equivalence of I- is formed in the inhibition reaction. The 
data are also in accord with those described above for the reaction of 
PCMB with papain in which less than an equivalent of a thiol group was 
found to be reactive. 

Labeling of Thiol Group—Inasmuch as less than one thiol group in the 
papain molecule reacts with IAA to form the thiol derivative, this permits 
a labeling of the active site of the enzyme. ‘This reasoning is based on 
the assumption that the chemically reactive site is the same as the enzymi- 
cally active site. Reaction of IAA with papain should produce the thiol 
ether derivative of cysteine. Subsequent oxidation with performic acid 
should convert the thiol ether to the corresponding sulfone, whereas other 
half cystine or cysteine residues in the protein are oxidized to cysteic acid. 
After acid hydrolysis of labeled protein or peptide, the expected derivative 
formed by reaction with IAA should be carboxymethylcysteine sulfone. 

S-Carboxrymethyl-L-cysteine sulfone was prepared by the following pro- 
cedure. 2 gm. of carboxymethyl-L-cysteine’ (20) were treated with 100 ml. 
of performic acid for 45 minutes at room temperature. The solution 
was diluted with 500 ml. of water and concentrated to dryness in vacuo. 
The entire procedure was then repeated. The final product was crystal- 
lized from 350 ml. of hot water and dried in vacuo. Yield, 1.82 gm.; m.p., 
183-184° with decomposition. After recrystallization from hot water, 
the melting point rose to 185.5—186° with decomposition. 


C;H,O;NS. Calculated. C 28.4, H 4.3, N 6.6, Ss 15.2 
211.2 Found. 28.5, 4.7, 6.8, 15.3 


Paper chromatography of the compound with pyridine-acetic acid- 
water (50:35:15 v/v) on Whatman No. 3 paper for 3 to 4 days showed only 
a single spot whose R, was 0.6 relative to that of aspartic acid, whereas 
cysteic acid gave an R, of 0.4 relative to the movement of aspartic acid. 

When oxidized papain is digested with trypsin, a number of peptides 
which contain cysteic acid can be isolated by chromatography on Dowex 
50-X2 (21). In order to identify tentatively the peptide sequence con- 
taining the active sulfhydryl group, the following experiment was per- 


7Dr. M. D. Armstrong kindly supplied a sample of this compound. 
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formed. Reduced papain (2 gm.) was treated at 39° with 1.0 equivalent 
of IAA in Veronal buffer containing 5 & 10-4 m Versene at pH 8.2 for 5 
hours. The preparation was dialyzed exhaustively against four changes 
of distilled water at 5° and dried from the frozen state under a high vacuum, 
Oxidation was performed with performic acid at —5° to 0° for 2 hours, 
The oxidized protein was digested with crystalline trypsin as already de- 
scribed (21). The digest was adjusted to pH 2, the insoluble peptide 
fraction was collected separately, and the soluble fraction was resolved on 
Dowex 50-X2 (21). The soluble peptides obtained from the ion exchange 
chromatography, which were known to contain cysteic acid, were hydro- 
lyzed with 6 N HCl in the usual manner and prepared for paper chromatog- 
raphy. Each of the hydrolysates contained cysteic acid and no detectable 
amount of carboxymethyleysteine sulfone. A hydrolysate of the total 
insoluble fraction contained cysteic acid and a smaller quantity of the 
sulfone. The chromatograms were run for 90 hours with pyridine-acetic 
acid-water on Whatman No. 3 paper. 

These results demonstrate that the reaction of IAA with the papain 
molecule occurs with a specific thiol group which is found in a definite 
part of the protein molecule. 

Total Sulfhydryl Groups of Papain—Although the above results indicate 
that PCMB or IAA reacts with less than 1 equivalent in native papain, 
it is of some importance to determine the total SH content of the protein. 
Inasmuch as 6 residues of cysteic acid are recovered from hydrolysates 
of the oxidized protein (10), it is evident that there must be an even number 
of SH groups. 

When papain was allowed to react with 8.5 to 20 molar equivalents of 
PCMB or PCMBS in 70 per cent ethanol for several days at 5°, the protein 
slowly precipitated as a complex with the mercurial. Excess reagent was 
removed by exhaustive dialysis against water or by washing the precipitate 
with 70 per cent alcohol. Samples were analyzed for mercury and nitrogen 
after digestion with sulfuric acid. The results given in Table I were the 
same whether column-reduced papain, crystalline papain, or the 1:1 
mercuripapain was used. With Preparations 1 to 7, 6 equivalents of 
mercury combined with the protein; this suggests the presence of six thiol 
groups and is in accord with the cysteic acid content of the oxidized protein 
and hence indicates that disulfide bridges are absent from the protein. 

Inasmuch as native papain can react with less than 1 equivalent of 
PCMB, or with a maximum of 6 equivalents of this reagent or PCMBS 
under certain circumstances, it is apparent that the six thiol groups of the 
enzyme are not equally “free’’ to react under all conditions. Indeed, two 
other batches of crystalline papain (Preparations 8 and 9, Table I), treated 
under the same conditions, yielded more soluble derivatives which contained 
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only 4 atoms of mercury. Some of these batches were also dissolved in a 
saturated solution of urea and boiled for 30 minutes in the presence of 
excess mercurial at pH 6.4 or 8.4. After exhaustive dialysis, analysis of 
the digested protein showed the presence of 3.1 to 4.3 moles of Hg per mole 
of protein. 

There are at least two obvious interpretations of these variations. One 
view is that the conditions necessary to obtain reaction with 6 moles of the 
mercurial may be difficult to reproduce with different batches of enzyme. 
The other possibility is that some batches of enzyme contain four sulfhydryl 
groups and one disulfide bridge, whereas others contain six sulfhydryl 
groups. The results suggest that if some batches of enzyme contain one 


TaBLeE 
Binding Capacity of Papain for PCMB or PCMBS 
Treatment Mercury content mole 
per cent 
1,2, 3 Prolonged standing in 70% ethanol | 5.0, 6.3, 6.2 6.0 (Average) 
+ PCMB 
3, 4, 5 Same + PCMBS 6.7, 5.9, 5.4 6.1 as 
6 ‘¢ not column-reduced, + 5.1 5.2 
PCMBS 
7 Same + 1:1 mercuripapain, + 5.7, 5.9, 5.7,6.1 | 6.2 (Average) 
PCMBS 
8,9 Same + PCMB, 70% ethanol 3.7, 4.0 3.7, 4.0 
8 pH 6.4, saturated urea, boiling 4.3 4.3 
9 8.4, 3.1, 3.4 3.1, 3.4 


disulfide bond, this does not influence the activity of the enzyme. Indeed, 
the highest Ci values and greatest reversibility of enzymic activity after 
reaction with PCMB or PCMBS were obtained with preparations in which 
four appeared to be the maximal number of thiol groups available to the 
mercurial. One disulfide may be present in the best preparations which, 
if reduced, diminishes the activity and stability of the molecule. 


Chromatography of Papain 

Methods and Materials—Columns containing the carboxylic resin CG-50 
type II (Amberlite IRC-50 passing 200 mesh) were mainly used but some 
experiments were also performed with the coarser resin XE-64. In general, 
the procedures of Hirs, Moore, and Stein (22) were followed in preparing 
the columns and in handling the columns and the eluates. The resin, in 
the sodium form, was equilibrated with 0.2 m phosphate buffer and poured 
into a 1.3 X 30 cm. column. Samples were eluted at room temperature 
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at a rate not exceeding 4.5 ml. per hour. Fractions were collected with the 
aid of a drop-counting, automatic fraction collector (Technicon Company). 
Protein solutions were equilibrated with the appropriate buffer by 
dialysis. Protein content of solutions and of aliquots of eluted fractions 
was estimated by a ninhydrin method (5), which was standardized by 
comparison with a turbidimetric determination for crystalline papain (4). 
Relative proteolytic activity was estimated at 39° by initial rate of 
ammonia production from BAA in a reaction mixture containing 0.025 m 
BAA, 0.01 m BAL, 0.1 m KCl, 0.04 m acetate buffer at pH 5.2, and enzyme 
in a total volume of 2.5 ml. Aliquots (0.2 ml.) were withdrawn at appro- 
priate intervals and added to 2.0 ml. of ninhydrin solution (23) with the 
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Fic. 7. Chromatography of 6.2 mg. of crystalline papain and 8.7 mg. of mercuri- 
papain in 0.2 m phosphate buffer at pH 7.0. The fraction for which activity and nin- 
hydrin color have been arbitrarily equated is designated by the cross. 


color being developed and read as previously described (5). An activity 
unit (a.u.) is defined as the change in absorbancy at 570 my in 20 minutes. 
Specific activity is defined as a.u. per mg. of protein N in the 2.5 ml. 
incubation mixture. 100 a.u. per mg. of protein N are approximately 
equivalent to a C of 0.7, where Ci is defined as previously described for 
this system (4). 

Papain and Mercuripapain—Fig. 7 shows the results of chromatograph- 
ing papain (Fig. 7, A) and mercuripapain (Fig. 7, B) in 0.2 m phosphate 
buffer at pH 7.0. In both instances, all of the protein emerged as a single 
peak at approximately 1.6 column volumes. The relative activity of the 
eluted fractions is superimposed over the protein curves. There was 
complete recovery of the protein and of the enzyme activity which was 
added to the columns. The papain had a C; = 1.8, whereas the mercuri- 
papain had a C, = 1.2. All preparations with a C; of 1.0 to 1.8 gave a 
single peak which was superimposable for protein and activity. 
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Fig. 8, A shows that, when a papain preparation with a C; = 1.7 was 
chromatographed in 0.2 m phosphate buffer ‘at pH 6.1, the rate of elution 
was decreased and the resolving power was increased. ‘Two peaks are 
evident, the major one showing the protein and activity maximum at 4.4 
hold-up volumes. Only the larger peak, containing 75 per cent of the 
ninhydrin color, was highly active. Furthermore, the specific activity 
had increased about 20 per cent in the fractions comprising 66 to 73 ml. of 


O2- A 
a 
= oe 
Fractions for Rechromatography 
e—Ninhydrin 
o-Activity 
2 — 
O1- C 
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Fig. 8. Chromatography of papain in 0.2 m phosphate buffer at pH 6.1. A, 9.1 
mg. of papain were placed on the column in 2 ml. of solution; B, 28.8 mg. of papain 
in 7 ml. of solution were chromatographed. The fractions were combined as indi- 
cated for rechromatography. C,3.4 mg. of papain in 4 ml. of buffer were rechromato- 
graphed. The crosses indicate the samples for which relative activity has been made 
equal to ninhydrin color. 


eluted volume. Separation of an inactive component from the applied 
enzyme preparation had occurred during the chromatography. 

The appearance of some activity in fractions collected well in advance 
of the major peak is noteworthy. This occurred with all preparations 
which were chromatographed at pH 6.1. Since such fractions are far from 
the major active peak, they must contain molecules which differ from those 
of the major peak. Evidence that these are probably active fragments of 
the original enzyme molecule will be discussed below. 

An attempt was made to identify the source of the inactive component 
(peak at 48 ml.) in the crystalline preparation by rechromatography of 
the peak fractions. A larger amount of papain was chromatographed in 
order to obtain sufficient material for rechromatography. Because of 
its limited solubility, it was necessary to apply the papain in a large volume 
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for the initial run. This resulted in emergence of the protein in a very 
broad band (Fig. 8, B). Combination of the designated fractions, chosen 
for their high specific activity, and rechromatography under the same 
conditions gave the results shown in Fig. 8, C. 

The activity of some of the fractions shown in Fig. 8, A (Experiment I) 
and in Fig. 8, B and 8, C (Experiment IT) is given in Table II. The results 
of Experiment I show that not only was some separation of active from 
inactive protein achieved, but also that material of C,; = 1.7 (246 a.u. 
per mg. of protein N) is not maximally active. The peak tube at 66 ml. 
was 30 per cent more active than the starting material. Such fractions 
correspond to C; values as high as 2.2, which is greater than that found for 
any non-chromatographed material. The results of Experiment II indi- 
cate that papain is somewhat inactivated during the handling and the 


TaBLeE II 
Activity of Chromatographed Fraction of Papain 
The fractions were obtained from the experiments illustrated in Fig. 8. 


a.u. per mg. protein N 
Experiment No. Protein applied 
Applied Found at peak 
I 9.1 mg. in 2 ml. 246 315 
II 29 236 254-270* 
II (Rechromatographed) 220 268 


* These tubes were used for rechromatographing. 


chromatography at this pH. The combined fractions from the first 
chromatographic run of Experiment II, after being frozen for overnight 
storage and thawed, were less active than any of the fractions selected for 
rechromatography and less active than the starting material. Upon 
rechromatography (Fig. 8, C), the elution curve was similar to that found 
in Experiment I (Fig. 8, A), yet the most active of the rechromatographed 
fractions had a lower activity than the most active fractions of Experi- 
ment I. The same batch of twice crystallized papain suspension (frozen 
in small portions in separate tubes) was used for both experiments which 
differed only in the amount of manipulation necessary for the chromatog- 
raphy. 

These results suggest that chromatography cannot be used for obtaining 
papain with maximal activity since some inactivation is occurring. This 
is due, in part, to a modification of the reactive sulfhydryl group as discussed 
above, and in part to autodigestion which occurs during the handling 
and storage of the active enzyme even at 3°. Papain must be stored in the 
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frozen state or converted to the more stable mercuripapain. The changes 
which occur during autodigestion are distinct from the inactivation dis- 
cussed above, since the activity and purity of partially autodigested pa- 
pain can be increased by recrystallization. 

Fig. 9, A shows the chromatographic behavior of a stored preparation 
of crystalline papain at pH 6.1. In this experiment, the XE-64 resin was 
used, which retards the protein less than does the fine mesh CG-50 resin. 
Peaks I and II were separately analyzed for amino acids after the frac- 
tions were combined, as indicated in Fig. 9, A. The molar ratio of each 
amino acid to the content of glycine is used as a basis of comparison (Table 


A. pH 6.I B. pH 7.0 % 
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Fic. 9. Chromatography of stored papain. A, 14.8 mg. in 2 ml. of 0.2m phosphate 
buffer at pH 6.1; B, 13.1 mg. of protein in 3 ml. of 0.2 Mm phosphate at pH 7.0. The 
fraction for which relative activity was equated to ninhydrin color is marked thus 


III). The amino acid analyses were performed by ion exchange chroma- 
tography on Dowex 50-X8 as previously described (13). 

The Peak I molar ratios agree with those of crystalline papain, indicating 
the presence of intact papain. The analysis of Peak II indicates a different 
composition from that of intact papain which is to be expected, since the 
material represents only a portion of the hydrolysis products of the stored 
papain. In particular, dialysis would remove small fragments produced 
by autolysis. The weight of material appearing in the faster moving 
peaks of the various chromatograms may be less than apparent from 
comparison of ninhydrin values. Hydrolysis products would be expected 
to have higher ninhydrin color values than intact protein. 

Digestion products in a stored preparation can be detected by chroma- 
tography at pH 7, as shown in Fig. 9, B; this is in contrast to the results 
shown in Fig. 7 for freshly prepared papain or for mercuripapain. 
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TaBLE III 
Amino Acid Composition of Separated Peaks 


The fractions obtained from stored papain by the chromatographic separation 
which is shown in Fig. 9, A were analyzed by ion exchange chromatography. The 
samples were hydrolyzed and processed as previously described (13). 


Peak I Peak II Papain (13)* 
Amino acid 
Molar ratio Molar ratio | Molar ratio 
to glycine to glycine to glycine 
pmoles pmoles 

Aspartic acid...............| 0.72 0.69 0.92 0.46 0.74 
0.33 0.32 0.37 0.19 0.30 
0.50 0.48 0.53 0.26 0.48 
Glutamic acid............... 0.75 0.72 1.34 0.67 0.74 
0.70 0.67 1.49 0.75 0.65 
Isoleucine.................. 0.37 0.36 0.73 0.37 0.39 
0.45 0.43 0.87 0.44 0.39 
TYTOMMS....................) O.@ 0.58 1.06 0.53 0.74 
Phenylalanine.............. 0.21 0.20 0.18 0.09 0.17 


* Bibliographic citation. 


NINHYORIN COLOR 
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VOLUME~MI. 

Fig. 10. Chromatography of partially autodigested papain in 0.2 m phosphate 
buffer at pH 6.1. 


ACTIVITY 


Chromatography of Autolyzed Papain—Freshly prepared cystalline papain 
(C,; = 1.8) was allowed to autolyze at 39° in the presence of 0.01 m BAL, 
0.1 m KCl, and 0.04 m acetate at pH 5.2 for 21 hours. The preparation 
was centrifuged to remove a small amount of precipitate and then mixed 
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with 2 parts of 0.2 m phosphate buffer before chromatography. The 
aliquot used contained 11.6 mg. of protein before autolysis. Dialysis was 
omitted to retain all hydrolysis products. It was found that 61 per cent 
of the protein was no longer precipitable by trichloroacetic acid but more 
than half of the original proteolytic activity remained. 7 

The chromatogram (Fig. 10) shows that most of the ninhydrin-reactive 
material emerges before the papain peak at 65 ml. It was noted above that 
even the best enzyme preparations contain active materials which emerge 
from the column in advance of the main protein component. Greater 
amounts of such active components are observed in the stored papain 
preparation (Fig. 9, A) and, even more strikingly, in the autolyzed prepara- 
tion (Fig. 10). From their position on the chromatograms and from the 
disappearance of more slowly moving material during autolysis, these 
faster moving active components must represent papain fragments which 
retain proteolytic activity. 

Complete autolysis was achieved by incubating papain under the same 
conditions at 62° for 22 hours. Essentially all papain activity disappeared, 
and there was no material precipitable with trichloroacetic acid. Only 
traces of ninhydrin-positive material appeared in the region of 50 to 80 
ml. of elution volume, whereas the peaks in the regions of 20 to 45 ml. 
were increased. 


DISCUSSION 


From the present studies it is evident that native papain contains a 
single thiol group which is reactive with organic mercurials such as PCMB, 
with mercuric ion itself, or with alkylating agents such as iodoacetamide. 
Inasmuch as the enzyme exhibits stable activity only in the presence of a 
reducing agent such as cysteine and is inhibited by reaction with any of the 
reagents mentioned above, it may be concluded that the specific activity 
of the enzyme involves a single thiol group. It has already been suggested 
(1, 5) that this thiol group may be involved in the enzyme action through 
the formation of an intermediary thiol ester. | 

The fact that various preparations of the enzyme react with only a frac- 
tion of a mole of PCMB or IAA is somewhat unusual. At first sight, it 
might be assumed that variable amounts of an unreactive impurity might 
be present. However, various physical and chemical criteria indicate 
that the protein is essentially homogeneous. In addition, rabbit antisera 
to crystalline papain or mercuripapain reveal a homogeneous antigen- 
antibody system by a number of criteria, including complete precipitability 
of the protein antigen by the antiserum.’ Likewise, chromatographic 
studies do not show any protein impurity. A better explanation is that 
different crystalline preparations contain a variable amount of enzyme 


Unpublished observations by R. K. Brown, B. V. Jager, and E. L. Smith. 
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which has become inactivated irreversibly. Inert protein can apparently 
cocrystallize with the active enzyme and behaves in almost every respect 
like the active enzyme itself. Only by chromatography on IRC-50 at 
pH 6.1 has it been possible to achieve a minimal resolution of inactive from 
active material. This has permitted isolation of small amounts of material 
with a Ci of 2.2, but storage and rechromatography caused a loss of specific 
activity. It may be noted that extrapolation of the linear relationship 
between reactive thiol and proteolytic coefficient, C,, indicates a maximal 
C, of 2.2 for one thiol group per mole of enzyme. 

The linear relationship mentioned above provides good evidence that 
this thiol group plays a key role in enzyme activity. If the assumption 
is correct than an intermediary thiol ester is involved in transfer of the 
acyl group from substrate to enzyme (1), it would appear that only the 
most reactive thiol is involved. What role the others may play is unknown, 
although it should be noted that in the degradation of mercuripapain by 
leucine aminopeptidase 1 cysteine residue is liberated without apparent 
loss of activity or change of specificity of the reactivated papain (24, 25). 
Since reaction of papain with IAA results in specific labeling of the active 
thiol group, this finding should permit elucidation of the amino acid 
sequence in this important part of the papain molecule. 

Stored papain undergoes slow autodigestion, and it has been reported 
that additional amino-terminal residues are found in such preparations (26). 
Chromatography demonstrates the appearance of additional, more rapidly 
eluted materials from autolyzed papain. It is striking, however, that 
considerable proteolytic activity may be detected in such fragments, 
although inert fragments are also present. 

The active region of the papain molecule must reside near the carboxyl- 
terminal region as judged by degradation studies with leucine amino- 
peptidase (24, 25). It may be expected that autolytic cleavage of papain 
will occur randomly. If this occurs at the C-terminal region, loss of 
activity will result, whereas hydrolysis near the N-terminal region will 
produce active fragments. It may be noted that Perlmann (27) found 
that autolyzed preparations of pepsin gave active fragments that were 
readily dialyzable. 

The observations that papain may exist in an irreversibly inactive form 
and that it may undergo autodigestion yielding active fragments pose some 
difficulties in the study of this protein. Inasmuch as fresh latex is not 
readily available, the enzyme is most easily obtained from dried, com- 
mercial preparations. In the studies conducted in this laboratory for the 
past few years, it has been found that different batches of dried latex vary 
considerably in properties. From some batches, it is easy to obtain rou- 
tinely high yields of crystalline material witha C; = 1.6 to 1.9 for the hydrol- 
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ysis of BAA. From other batches, little or no crystalline material can 
be obtained. Moreover, satisfactory crystallization of the stable mercuri- 
papain (4) can be achieved only with crystalline papain having a C; of 1.1 
or higher. 

It may be assumed that many of the commercial preparations of dried 
latex which have a high activity and yet yield little or no crystalline 
material may have undergone considerable autodigestion. It has been 
our experience, as well as that of others (28), that in addition to the discrete 
proteinases, papain and chymopapain, papaya latex contains proteolytic 
activity in other fractions. We suspect, as a result of our failure to isolate 
discrete enzymes from such fractions, that the spread of activity may be 
due, in part, to the presence of autolyzed fragments which vary in size and 
other properties. 


SUMMARY 


1. A system of multibed ion exchange resins is described which permits 
isolation of reduced papain in ion-free solutions. Such solutions of papain 
are active without addition of activators, but the activity is transient 
unless a reducing agent and a chelating agent are added. 

2. Reduced papain combines with a maximum of 1 mole of mercuric 
ion per mole of protein. 

3. Reduced papain is completely inhibited by reaction with less than 1 
equivalent of iodoacetamide. A spectrophotometric method is described 
for estimating iodide production. The reduced enzyme also reacts with 
less than 1 equivalent of p-chloromercuribenzoate. The specific proteolytic 
coefficient (C,) for hydrolysis of benzoyl-L-argininamide varies with 
different preparations of crystalline papain. C\ is proportional to the 
amount of reactive sulfhydryl in the reduced enzyme. 

4. Reaction of reduced papain with iodoacetamide produces the S- 
carbamoylmethylcysteine with the reactive sulfhydryl. After oxidation 
of the derived protein and digestion with trypsin, the resulting peptides 
were resolved on Dowex 50-X2 and hydrolyzed with 6 Nn HCl. Only one 
fraction contained the expected carboxymethylcysteine sulfone. Authentic 
S-carboxymethyl-L-cysteine sulfone has been prepared in analytically 
pure state. 

5. Papain contains more than one sulfhydryl group. Under certain 
conditions, as many as 6 moles of p-chloromercuribenzoate or p-chloro- 
mercuribenzenesulfonate react with papain. This suggests that papain 
may not contain disulfide bridges. 

6. Chromatography of crystalline papain or mercuripapain on the 
carboxylic resin, IRC-50, shows a single active component at pH 7.0. 
At lower pH values, some separation of inactive from active papain is 
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achieved. Various experiments have shown that papain is somewhat un- 
stable during the handling and the chromatography. The instability is 
due to conversion of papain to an irreversibly inactive form and to autolytic 
breakdown. Autodigested papain yields fragments which emerge faster 
than the intact protein during the chromatography. It is noteworthy 
that some of the fragments produced during autolysis are proteolytically 
active. 
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THE PURIFICATION AND PROPERTIES OF TREHALASE* 


Br GEORGE F. KALF anp SIDNEY V. RIEDER 
(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 


(Received for publication, August 22, 1957) 


The recent discovery that the disaccharide, trehalose (1-(a-p-glucopy- 
ranosyl)-a-D-glucopyranose), is a major blood sugar in insects (1) and some 
other invertebrate animals (2) directs new attention toward the metabolism 
of this sugar. An enzyme capable of hydrolyzing trehalose was first ob- 
served in Aspergillus niger by Bourquelot in 1893 (3). Since that time 
trehalase activity has been found to be present in bacteria (4, 5), fungi 
(6, 7), yeast (8-10), the blood serum of certain fish (7), and the intestinal 
mucosa of the horse and ox (7). In view of the large amounts of trehalose 
in insects, it is natural to look to this group for trehalose-splitting enzymes. 
Frerejacque (11) has reported that enzyme preparations obtained from 
several insects were capable of hydrolyzing trehalose and, more slowly, 
maltose and sucrose; the hydrolysis of trehalose was stimulated by phos- 
phate. More recently, Howden and Kilby (12) have reported briefly on 
a trehalase in the blood serum and tissues of the locust, Schistocerca gregaria, 
which acted on maltose and starch as well as on trehalose. In none of 
these cases, however, was the trehalase purified and shown to be devoid of 
activity toward other sugars. 

In a study of the metabolism of trehalose in silkworms, the need arose 
for a specific and rapid assay method for the sugar. To fulfill this need, 
the trehalase of the wax moth, Galleria mellonella, has been partially purified 
and studied. This report describes the purification procedure and the 
properties of a specific trehalase of Galleria. 


Materials and Methods 


Materials—Larvae of the wax moth, G. mellonella, were raised in the 
laboratory in gallon jars. The diet, modified from that of Good, Morrison, 
and Mankiewicz (13), consisted of mixed cereal (Pablum, Mead Johnson 
and Company), Gaines’ dog meal (ground), honey, and glycerol (approxi- 
mately 12:12:2:1 parts by volume). The insects were collected just 
prior to pupation and stored in the deep freeze at —20° until needed.! 

Horse-radish peroxidase and glucose oxidase were obtained from the 


* This investigation was supported by a grant from the United States Public 


Health Service. 
1 The authors are indebted to Dr. G. R. Wyatt for his generous gift of the Galleria 


larvae. 
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Worthington Biochemical Corporation and were found to be free of tre- 
halase activity. 

Trehalose dihydrate was obtained from the Mann Research Laboratories, 
Inc., and was recrystallized from 80 per cent ethanol. The recrystallized 
product was demonstrated to be free of glucose by paper chromatography 
(14). Solutions of trehalose, after storage at 0°, usually contain small 
quantities of free glucose. a-Glucose 1-phosphate was obtained from the 
Nutritional Biochemicals Corporation as the dipotassium salt and was 
purified by the method of Sutherland and Wosilait (15). Cellobiose, 
raffinose, and melezitose were obtained from the Fisher Scientific Company 
and were used without further purification. Other sugars used without 
further purification were turanose (Mann), lactose (Baker’s), sucrose, 
glucose, and soluble starch (Mallinckrodt), maltose (Difco), and glycogen 
(Eastman Kodak). a-Methyl glucoside was obtained from The Coleman 
and Bell Company, and #-methyl glucoside was a gift from Dr. H. T. 
Clarke. o-Nitropheny] 8-p-glucoside, p-nitropheny] a-p-glucoside, phenyl 
a-D-glucoside monohydrate, phenyl 6-p-glucoside dihydrate, and o-hydroxy- 
methylphenyl 6-p-glucoside were the kind gifts of Dr. N. K. Richtmyer. 

Methods—Protein was estimated by the biuret method of Robinson and 
Hogden (16), and trehalose was determined by the chemical procedure of 
Wyatt and Kalf (1). 

Glucose was determined with glucose oxidase coupled with peroxidase 
and the dye, o-dianisidine, according to the following reaction sequence (17): 

glucose oxidase | 
Glucose = —— gluconic acid + 
peroxidase 
H.02 + reduced dye —— H.0 + oxidized dye 

The glucose oxidase reagent was prepared routinely by adding 1.0 ml. 
of a 1 per cent solution of o-dianisidine in ethanol to 50 ml. of 0.005 
phosphate buffer, pH 7.0. Peroxidase (5 mg.) and glucose oxidase (125 
mg.) were added, and the solution was made up to 100 ml. with phosphate 
buffer and filtered. A sample contained in 0.2 ml. was mixed with 5.0 
ml. of the glucose oxidase-peroxidase reagent, and the solution was incu- 
bated at 25° for 10 minutes to develop the color. At the end of the incuba- 
tion period the color intensity of the solution was measured in a Beckman 
spectrophotometer, model DU, at 420 my. The amount of glucose present 
(0 to 400 y) was determined from a standard curve obtained under identical 
conditions. 

Enzyme Assay—Trehalase activity was measured by determining the 
rate of the enzymic release of glucose from trehalose. The reaction mix- 
ture contained 0.1 ml. of 0.1 m trehalose or other substrates as indicated, 
0.35 ml. of 0.1 m acetate buffer, pH 5.5, and 0.05 ml. of the enzyme (5 to 
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20 units) in a final volume of 0.5 ml. After a 15 minute incubation at 
30°, the reaction was stopped by immersing the tubes in a boiling water 
bath for 3 minutes. The tubes were immediately cooled in an ice bath, 
the insoluble material was removed by centrifugation, and a sample was 
removed for the determination of glucose. A zero time control was rou- 
tinely run to correct for any glucose present in the trehalose and enzyme 
preparations. 

A unit of enzyme is defined as that amount of enzyme which will liberate 
0.1 umole of glucose from trehalose in 15 minutes under the conditions of 
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Fig. 1. The effect of enzyme concentration on the rate of trehalose hydrolysis. 
The reaction mixtures (0.5 ml.) were prepared and incubated as in the standard assay 
procedure. The enzyme solution (348 units per ml.) was used in the amounts indi- 
cated. 


the assay. The specific activity is the number of units of enzyme per mg. 
of protein. Under the conditions of the assay, the rate of release of glucose 
from trehalose was proportional to the amount of enzyme added (Fig. 1). 


_ RESULTS AND DISCUSSION 


Purification of Trehalase—The purification of the enzyme was carried 
out at O—-4° unless otherwise indicated. Adjustments of pH were made 
with a Beckman pH meter, model G, with a temperature setting of 10°. 

Crude Extract—50 gm. of frozen Galleria larvae were allowed to thaw 
and then were added to 300 ml. of ice-cold 0.05 m maleate buffer (pH 6.5) 
in a Waring blendor and homogenized for 1 to 2 minutes. Extraction was 
continued with mechanical stirring for 30 minutes, and the homogenate was 
centrifuged at maximal speed in the Servall centrifuge, type SS-1, for 20 
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minutes to remove the cuticle and cellular debris. The resulting yellow- 
brown supernatant fluid (250 ml.) contained equal activities toward 
maltose and trehalose (crude extract, Table I). 

Heat Step—To 250 ml. of the crude extract at pH 6.5, 44 gm. of solid 
ammonium sulfate were added with stirring to bring the solution to 30 
per cent saturation. A small precipitate which formed was removed by 
centrifugation. The clear supernatant fluid was then heated in a boiling 
water bath with constant and gentle stirring until a temperature of 65° 
was reached. The solution was held at 65° for 5 minutes and immediately 
cooled in an ice bath. The precipitate which formed was removed by cen- 
trifugation and discarded. The supernatant fluid (heat fraction) now con- 
tained very little activity toward maltose, indicating that this activity 
was the property of a separate enzyme. 

Precipitation with Ammonium Sulfate—To 250 ml. of the heat-treated 


TABLE I 
Purification of Trehalase 
Enzyme fraction Total volume Total units Total protein (Specific activity 

al. mg. mg. 
Crude extract................. 250 15,000 6000 2.5 
250 10,500 1500 7.0 
Ammonium sulfate............. 34 5,000 425 11.5 


preparation, 15 gm. of solid ammonium sulfate were added with stirring 
(40 per cent saturation with ammonium sulfate). After 15 minutes the 


mixture was centrifuged, the precipitate was discarded, and an additional 


33 gm. of ammonium sulfate were added to the supernatant fluid. The 
mixture, now at 70 per cent saturation with ammonium sulfate, was allowed 
to stand for 15 minutes, after which the precipitate was removed by centri- 
fugation and dissolved in 30 ml. of 0.05 m maleate buffer, pH 6.5. The 
preparation can be stored at 0° at this point of purification. This solution 
was then dialyzed against several changes of 0.05 m maleate buffer, pH 6.5, 


until free of ammonium sulfate. A precipitate which formed on dialysis _ 
was removed by centrifugation. At this point the resulting supernatant — 


fluid contained no detectable maltase activity (ammonium sulfate fraction). 

Precipitation with Acetone—The dialyzed ammonium sulfate fraction 
(34 ml.) was cooled to —1° in an ice-salt bath, and, during an interval of 
15 to 20 minutes, 23 ml. of acetone previously cooled to —20° were added 
with stirring. The precipitate was removed by centrifugation and dis- 
carded, and an additional 29 ml. of acetone were added to the supernatant 
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fluid over a period of 20 minutes. The resulting precipitate was collected 
by centrifugation and dissolved in 16 ml. of 0.05 m maleate buffer, pH 6.5 
(acetone fraction). 
The preparation at this stage of purification was used in all further 
studies and was found to be satisfactory for the assay of trehalose. 
Stoichiometry of Reaction—The data in Table II show that, at the 
concentrations tested, trehalose is hydrolyzed to 2 equivalents of glucose. 
Effect of Substrate Concentration on Reaction—The rate of the trehalase 
reaction was studied at pH 5.5 as a function of the trehalose concentration 
(Fig. 2). A Lineweaver-Burk plot (18) of the data obtained gave a straight 
line relationship, and the K,, for trehalose was calculated to be 1.3 * 10-4 M. 
Enzyme Specificity—Under the standard assay conditions, no hydrolysis 


TaBLeE II 
Stoichiometry of Trehalase Reaction 
Trehalose added, umole 
Time of incubation 0.08 0.16 0.24 0.40 


Glucose formed, pmole 


min. 
20 0.17 0.35 0.52 0.81 
60 0.17 0.52 0.81 


The indicated amounts of trehalose were incubated for 20 and 60 minutes in ace- 
tate buffer, pH 5.5 (35 umoles), containing 7 units of enzyme in a total volume of 0.5 
ml. All values have been corrected for a zero time control. 


of the following compounds could be detected: cellobiose, lactose, sucrose, 
maltose, turanose, raffinose, melezitose, starch, glycogen, glucose 1-phos- 
phate, a-methyl glucoside, 8-methyl glucoside, o-nitrophenyl 6-p-glucoside, 
p-nitrophenyl a-p-glucoside, phenyl a-p-glucoside monohydrate, phenyl 
8-p-glucoside dihydrate, and o-hydroxymethylphenyl 6-p-glucoside (sali- 
cin). Since the a-methyl and phenyl glucosides, as well as other a-linked 
disaccharides, were not hydrolyzed, the enzyme appears to be a specific 
trehalase and not a more general a-glucosidase. 

Effect of pH and Other Factors—The rate of trehalose hydrolysis was 
studied as a function of pH with sodium acetate and sodium phosphate 
buffers. The results presented in Fig. 3 show the optimal pH to be 5.5, 
a value in good agreement with that found by other workers (2-8, 10) for 
the hydrolysis of trehalose by crude enzyme preparations. 

Versene (disodium ethylenediaminetetraacetic acid, neutralized with 
ammonia) at a final concentration of 1.3 X 10-? m neither inhibited nor 
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stimulated the release of glucose from trehalose under the conditions of the 
standard assay. 
The enzyme could be stored at 0° in 0.05 m maleate buffer, pH 6.5, for 
a period of 1 month without loss in activity. Storage at —20° for short 
periods of time did not appear to have any deleterious effect on the activity. 
The report by Frerejacque (11) that the hydrolysis of trehalose by a 
preparation from insect tissues was stimulated by phosphate suggested 
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Fic. 2. Activity of trehalase as a function of the concentration of trehalose. The 
reaction mixtures contained 15 units of enzyme and the indicated molar concentra- 
tion of trehalose in 0.1 mM acetate buffer, pH 5.5, in a total volume of 0.5 ml. The 
rate of the reaction is given in micromoles of glucose formed per 15 minutes. The 
Lineweaver-Burk plot is designated by @ and the values of the ordinate and abscissa 
are in the right and upper margins of the figure, respectively. The ordinate and 
abscissa for the velocity curve, designated by A, are at the left and lower margins 
of the figure. 


the possibility that the enzymic cleavage of trehalose involves a phosphoro- 
lysis. Such a mechanism would be similar to that found by Doudoroff 
et al. to exist in bacterial systems for the degradation of maltose and sucrose 
(19, 20). ‘The expected products of such a phosphorolytic cleavage of 
trehalose would be glucose and glucose 1-phosphate, only 1 mole of glucose 
being released per mole of trehalose degraded. However, if the glucose 
1-phosphate were further hydrolyzed to yield glucose and inorganic phos- 
phate, then small amounts of phosphate could function catalytically in 
the reaction and the stoichiometry observed would be that expected of a 
hydrolytic reaction. For such a phosphorolytic mechanism to be operative 
and in order to obtain the stoichiometry observed in Table II, the enzyme 
preparation should have activity toward the expected product of the 
phosphorolytic reaction, glucose 1-phosphate. This preparation, however, 
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he showed no release of inorganic phosphate or glucose from glucose 1-phos- 
phate under the standard incubation conditions. This finding precludes 
the existence of a phosphorolytic mechanism for trehalose by this prepara- 
tion, for, if glucose 1-phosphate were formed, it would be stable and the 
stoichiometry of the reaction, assuming sufficient phosphate to be present, 
would be 1:1. If sufficient inorganic phosphate were not present, the 
reaction would not go to completion, in contrast to the results reported in 


»MOLES GLUCOSE FORMED 


pH 
Fic. 3. pH dependence of the hydrolysis of trehalose. The standard incubation 
mixture was set up in the appropriate buffer containing 17 units of enzyme and in- 
cubated for 30 minutes at 30°. All values are corrected for the controls. The actual 
pH was determined with the Beckman pH meter, model G. A denotes 0.1 M acetate 
buffer; @ denotes 0.1 m phosphate buffer. 


Table II where the anticipated stoichiometry for a hydrolytic reaction was 
. obtained in the absence of added inorganic phosphate. Although these 
t arguments support the conclusion that a hydrolytic reaction is operative, 
, they do not preclude the occurrence of non-hydrolytic utilization of tre- 
halose by insects. 

» | The high specificity and the low K,, value for the enzyme found in this 
study suggest its use as a specific tool for the assay of trehalose. Further- 
: more, the insects which form the source material are easily raised in large 
numbers without special equipment. 


SUMMARY 


| 1. An enzyme which specifically hydrolyzes trehalose has been isolated 
| and purified 50-fold from the larval stage of the wax moth, Galleria mel- 
lonella. 
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2. This insect trehalase has a K,, value of 1.3 X 10-4 mM and an optimal 


pH of 5.5. 


3. The use of this enzyme as a highly specific tool for the assay of tre- 


halose is suggested because of its high specificity and low K,, value. 
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AMINO ACID ESTERASE ACTIVITIES OF SWINE KIDNEY* 


By SARAH SUE SHIPPEYft anp FRANCIS BINKLEY 


(From the Department of Biochemistry, Division of Basic Health Sciences, 
Emory University, Georgia) 


(Received for publication, September 3, 1957) 


As long ago as 1905, Warburg (1) employed the amino acid esterase 
activity of tissues to prepare the optical isomers of amino acids. Since 
that time, other than for the studies of esterase activity of the proteases, 
there have been only scattered reports of the amino acid esterase activity 
of tissue extracts. In fact, Smith and coworkers (2-4) have emphasized 
that their preparations of “leucine aminopeptidase” of swine kidney did 
not hydrolyze the methyl] ester of leucine. In the course of our studies of 
the peptidases of swine kidney (5), it became apparent that amino acid 
esterase activities were concentrated along with the peptidase activities. 
These amino acid esterase activities appear to have the same specificity 
as the peptidases with which they are found; they do not hydrolyze simple 
esters or triglycerides and seem to be specific for the esters of amino acids 
of the L configuration. 


Methods and Materials 


Assay of Esterase and Peptidase Activity—The peptidase activity was 
measured by the technique of Grassmann and Heyde as detailed by Smith 
and Spackman (3) and with tris(hydroxymethyl)aminomethane (Tris) 
and Tris-cacodylate buffers. Esterase activity was followed by this 
technique or by manometric methods adapted from those of Parks and 
Plaut (6). All the values are corrected for non-enzymatic hydrolysis. 
Specific activities are expressed as first order proteolytic coefficients with 
the nitrogen of the preparations expressed as total nitrogen (7). Tests 
for trypsin, chymotrypsin, and pepsin were made by the techniques of 
Schwert and coworkers (8-10). 

Preparation of Substrates—The amino acid esters were prepared in the 
usual manner (11) by treatment of the amino acid in suspension in the 
anhydrous alcohol with anhydrous hydrogen chloride. The lower esters 
(methyl, ethyl, and propyl) were crystallized from a solution of the appro- 


* These studies were supported by grants from the United States Public Health 
Service, the Rockefeller Foundation, and Eli Lilly and Company. 

t This report was taken in part from a thesis submitted to the Graduate School 
of Emory University by S. 8S. Shippey in partial fulfilment of the requirements of 
the degree of Master of Science. 
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priate alcohol and diethyl ether. The higher esters (butyl, isobutyl, 
amyl, and isoamyl) were recrystallized from Skellysolve B. The properties 
of these esters are summarized in Table I. We are indebted to Richard 
Souviron for the determinations of nitrogen by the micro-Kjeldahl tech- 
nique. 

The amides of leucine and phenylalanine were prepared by standard 
procedures (3, 12). p-Leucine was prepared from L-leucine by the method 
of Greenstein ef al. (13). 

Enzyme—The concentrates of peptidase and esterase activity were 
prepared by the methods recently described (5). 


TABLE | 
Properties of t-Leucine Ester Hydrochlorides 
Nitrogen 
Ester hydrochloride Melting point la]> 
Calculated Found 
per cent per cent ad 

n-Propyl............ 6.68 6.58 107-108 +6.80 
Isopropyl............ 6.68 6.64 175-180 +8.80 
n-Butyl............ 6.26 6.30 113-115 +6.00 
Isobutyl............. 6.26 6.27 159-161 +6.30 
5.89 5.88 82-84 +5.50 
Isoamyl............. 5.89 5.88 148-150 +5.00 


* 1 per cent solution in 1 n hydrochloric acid. 


EXPERIMENTAL 


Specificity toward Amino Acid Esters and Related Compounds—In Table 
II the results of a study of the specificity of a crude preparation are sum- 
marized ; this preparation was a “‘first ethanol” fraction of the crude digest. 
The crude digest was found to have detectable activity, but in most cases 
the activity was too low to permit a reasonably precise demonstration. 
It is to be noted that the first ethanol fraction is quite active toward the 
esters and amides of leucine and phenylalanine; the activity toward the 
ester of tryptophan is high, but unfortunately the amide was not avail- 
able for study. There was no detectable peptic, tryptic, or chymotryptic 
activity in the preparations. 

Influence of Ester Grouping on Leucine Esterase Activity—Since the 
activity toward the leucine esters was of a reasonable level, the influence 
of the ester grouping was studied. These results are summarized in Table 
III. The activity, in this case, was followed by manometric methods at 
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| TaBLeE II 
Substrate Specificity of Swine Kidney Enzyme Concentrate 
d The substrates as listed were tested at 0.025 m and at pH 8.0 in the presence of 
the indicated metal ion. Manganous ion was 0.001 mM, and magnesium ion was 0.004 
- m. A plus sign (+) indicates hydrolysis in an amount larger than non-enzymatic 
hydrolysis but smaller than could be measured accurately. 
d 
d Substrate Metal ion 
Ethyl hexanoate None or Mgt* 
e 
Tri-n-butyrin 
Glycine ethyl ester hydrochloride Mgtt 
L-Tyrosine methyl! ester hydrochloride + 
L-Cysteine methyl of 
u-Cystine diethyl ‘“ 
L-Glutamic ‘“ + 
t-Histidine methyl ‘“ + 
L-Lysine ethyl ester dihydrochloride ++ 
L-Tryptophan ethyl ester hydrochloride 0.34 
L-Phenylalanine methyl] ester hydrochloride 0.18 
L-Phenylalaninamide Mn*t+ 2.04 
L-Leucinamide 8.00 
L-Leucine methyl ester hydrochloride Mg*t 0.13 
66 ethyl 0.80 
pL-Methionine ethyl ester hydrochloride + 
III 
Specificity and Influence of Ester Group 
: Substrate, t-leucine ester Qco, in SCOs-95Nz Relative rate of hydrolysis 
t. per cent 
D-Leucine, n-butyl ester.............. 0.00 0.0 
le — pH 7.8 in 0.1 m bicarbonate with 0.001 m manganous ion. It is to be 
it | noted that the n-butyl and ethyl] esters were the best substrates. Smith 
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had apparently tested for esterase activity with the methyl] ester; we find 
the activity toward the methyl ester to be quite low and such that it could 
be easily missed in a routine examination. Even with the best esterase 


TaBLE IV 
Effect of Various Metal Ions on Enzymatic Activity 


The amount of crude enzyme was 10 times greater for the ester than for the amide; 
with the amide the amount of total enzyme nitrogen in the digest was approximately 
0.0002 mg. The time of digestion was 30 minutes. 


Metallic salt L-Leucine, #-propyl ester Lt-Leucinamide 
M per cent hydrolysis per cent hydrolysis 

MgCl, 0.001 40.0 24.2 
a 0.004 68.0 41.7 

si 0.007 60.8 37.6 
MnCl, 0.0007 54.1 63.4 
0.001 64.0 71.7 

si 0.004 53.3 50.2 
CoCl. 0.001 40.0 28.3 
PbAcz 0.001 8.3 0.0 
NiCl, 0.001 27.0 13.3 
ZnAc2 0.001 27.0 20.0 
FeSO, 0.001 37.0 30.8 
No metal ion 27.0 15.0 

TABLE V 


Effect of pH on Enzymatic Activity 


pH was measured at the end of 30 minutes of incubation with Tris (to pH 8.2) 
and Tris-cacodylate buffers (8.2 to 9.0). 


pH : Esterase Amidase 
unils per ml. units per ml. 

6.9 0.25 2.1 
7.5 0.40 

8.0 4.2 
8.2 0.50 4.8 
8.4 0.42 6.8 
8.6 0.45 7.5 
9.0 0.42 12.5 


substrates, the activity is about one-tenth that with leucinamide. This 
finding is in marked contrast with the esterase activity of the proteases 
in which the esterase activity is considerably greater than the protease 
activity. 

Influence of Metal Ions and pH—The influence of various metal ions 
was studied, and the results are summarized in Table IV. These prepara- 
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tions contained magnesium ion for stabilization, and therefore the activities 
were appreciable in the absence of added metal ion. It is apparent, 


TaBLeE VI 
Purification of Esterase and Amidase 


The procedures are similar to those described for peptidases (5) through the third 
fractionation with ethanol. Esterase activity was determined with the n-butyl 
ester; the pH of the digestion was 8.1 in both cases. 


Purification step Esterase, Ci Amidase, C1 
Ist ethanol (0.5 to 1.2 volume). . 0.8 8.0 
2nd“ (0.5to1.2 ). 2.1 21.2 
3rd“ (Megt*, 0.0-0.3 volume)... 3.2 32.5 
Treatment with chloroform-octanol, dialysis. . 6.8 76.3* 


* This value is increased about 3-fold with the assay at pH 9.0. 


Oz ESTERASE 
4=PEPTIDASE 


3.1 3.2 3334 35 36 
1/T x 108 


Fic. 1. An Arrhenius plot showing the effect of temperature on esterase (n-butyl 
ester) and peptidase (leucinamidase) activities. 


however, that magnesium and manganous ion were effective in the activa- 
tion of the esterase activity, and, roughly, the same relationship between 
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the ions was found as for the leucinamidase activity. Such findings are a 
strong indication that the two activities are identical. 

In so far as dependence on pH was concerned (Table V), the esterase 
activity seemed to increase in the same manner as the peptidase activity 
until the pH reached 8.2 or above. At these levels, the esterase activity 
declined sharply. Control studies have established that the esters are 
quite unstable at this and higher values of pH and readily polymerize 
(or form diketopiperazines). Thus, the deviation of the pH-activity curve 
of esterase activity from that of amidase activity is probably an artifact 
of the instability of the esters. 

Concurrent Purification of Peptidase and Esterase Activities—In Table VI, 
the purification of leucinamidase is summarized together with a listing of 
the esterase activity of the fractions. It is apparent that the esterase and 
amidase activities are purified in a concurrent fashion; such results would 
indicate the identity of the two activities. More active preparations (5) 
retain the same ratio of activities. 


Influence of Temperature on Activity—In Fig. 1, the influence of tempera- 


ture on the activity toward a leucine ester and leucinamide is plotted. 
It is obvious that the effects are identical for the two activities, and, again, 


the evidence is that the two activities are identical. From the data | 
obtained, it was calculated that the heat of activation was +1700 calories | 


per mole for both substrates. 


DISCUSSION 


From the results presented above, it may be concluded that in all | 
probability the leucinamidase and leucine esterase activities of swine kidney | 
are identical. The influences of pH, metal ions, and temperature are more } 


or less identical with both activities, and in both cases the p isomers are 
not attacked. The two activities may be concentrated in an identical 
manner, and to date we have observed no change in ratio of activity toward 
the two substrates with any type of treatment. Unfortunately, 
this ratio is approximately 10 to 1 in favor of the amide and accordingly 
it is difficult to devise appropriate experiments to demonstrate competi- 
tive inhibition; the methods of assay are either identical or are for the prod- 
ucts of hydrolysis of the amide. It is hoped that further studies of the pu- 
rification of the two activities together with appropriate studies of the 
purified preparations will permit an unequivocal decision as to the iden- 
tity of the two activities. 

It is readily appreciated that, with the difficulties of the assay, the marked 
differential of activity toward the amide, and the peculiarities of the be- 
havior of the esters, it would be easy to miss the esterase activity in prepara- 
tions of the leucinamidase. One may no longer conclude that the 
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peptidases of swine kidney are inactive toward the amino acid esters, but, 
since the activity is so much in favor of the amide, probably no great 
revision of the current theories of metal activation need be made. 


SUMMARY 


Amino acid esterase activities of swine kidney are concentrated along 
with the amino acid amidase activities. The influences of pH, tempera- 
ture, and metal ions are more or less identical for the leucinamidase and 
leucine esterase activities. The esters of p-leucine were not attacked, 
and simple esters or triglycerides were not hydrolyzed. It may be con- 
cluded that the peptidases, like other proteolytic enzymes, will hydrolyze 
ester as well as peptide bonds. The peptidases differ in that the activity 
toward the amide is about one order of magnitude greater than that toward 
the esters. 
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t-CYSTATHIONINE IN HUMAN BRAIN 


By HARRIS H. TALLAN, STANFORD MOORE, ann WILLIAM H. STEIN 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 


(Received for publication, July 1, 1957) 


During the course of the study of the distribution of N-acetylaspartic 
acid in brains of different species (1, 2), protein-free extracts of brain tis- 
sues were analyzed specifically for the aspartic acid derivative. In pursu- 
ing these investigations further, a survey was made by ion exchange chro- 
matography of the concentration of all of the free acidic and neutral amino 
acids of the brain tissues, in a manner similar to that previously employed 
for study of the ninhydrin-positive constituents of the various tissues of 
the cat (3). The present investigation began when a striking difference 
was observed between the effluent curve obtained when an extract of human 
brain was analyzed and that found earlier (3) for cat brain. A major 
ninhydrin-positive peak was present in the region of the chromatogram 
between the valine and the methionine positions. Large amounts of 
material emerging at this effluent volume were not found either in the 
other brain extracts or in the other cat tissues previously analyzed. The 
present communication is concerned with the identification of the compound 
responsible for this peak on the chromatograms of the extracts of human 
brain. 


EXPERIMENTAL 


Preparation of Tissue Extracts—Protein-free extracts of the tissues were 
prepared with aqueous picric acid, and the picric acid was removed as 
described previously for rat brain (1). The human brains were obtained 
at autopsy; one or both occipital lobes were taken. Specimens of human 
liver, kidney, and muscle were also secured in one instance (death from 
arteriosclerotic cardiovascular disease). In addition to being indebted 
to those investigators previously mentioned (2), who generously provided 
samples of brains of different species, we are indebted to Dr. Joseph L. 
Melnick for cooperation in obtaining a monkey brain (rhesus). 

Chromatographic Behavior of Unknown Compound—With the chromato- 
graphic system that has been employed with the automatic recording ap- 
paratus of Spackman, Stein, and Moore (4), the unknown compound 
appeared at 340 effluent ml. (Fig. 1). Qualitatively, the rest of the ef- 
fluent curve was not markedly different from that obtained with cat brain. 
When the change to the buffer of pH 4.25 was not made, and the elution 
was continued with the sodium citrate buffer of pH 3.24, the unknown 
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compound was eluted at 514 ml., well separated from valine (at 344 ml.) 
and methionine (not eluted by 580 ml.). Thus, it seemed feasible to 
effect a good separation of the compound by the use of a single buffer 
on a shorter column. On a 0.9 X 15 cm. column of Dowex 50-X8 at 


Glutamic acid 


8 


Glutamine 
serine 
(Asparagin 


Optical density 


Effluent mi.20 40 60 8 100 120 140 160 180 200 220 


pms pH 3.24, 0.2N Na citrate 
Cystathionine 
10- 
05- 
04- 
03- 
Alanine 
~ Glycine Valine 
0.1- |a-Ami 
| 


240 260 280 300 320 340 360 380 400 420 440 460 480 
pH 4.25, 0.2 Na citrate —| 


Fic. 1. Chromatographic analysis of a protein-free extract of human brain on a 
0.9 X 150 cm. column of Amberlite IR-120. A 0.2 N sodium citrate buffer of pH 3.24 
was used as eluent for the first 250 ml., at which point elution was continued with 
a 0.2 N sodium citrate buffer of pH 4.25; both buffers contained 10 ml. of thiodiglycol 
and 5 ml. of BRIJ 35 per liter. The temperature was 50°. The curve is a tracing of 
an analysis carried out with the automatic recording apparatus (Spackman, Stein, 
and Moore (4)). The proline peak has been corrected for the relatively low color 
yield of this amino acid in order to bring the concentrations into approximately 
correct molar proportions relative to those of the other amino acids. An amount of 
extract from 0.4 gm. of brain tissue was chromatographed. 


25°, use of a sodium citrate buffer at pH 3.35 as eluent afforded complete 
separation of the unknown compound, which appeared at 80 ml., just 
after the bulk of the acidic and neutral amino acids. This shorter column 
could be used as a rapid analytical method for comparing the amounts of 
the compound in different samples of human brain; it was scaled up, in 
modified form, for the following experiments directed toward the isolation 
of the substance. 
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Isolation of Compound from Human Brain (Experiment 1)—For the 
isolation of the compound, it was desired to use Dowex 50-X8 in the am- 
monium rather than the sodium form, with a volatile ammonium formate 
buffer as eluent (5, 6). Fig. 2 shows the effluent curve obtained when 
the extract from 190 gm. of human brain was fractionated on a 4 X 30 
cm. column of Dowex 50-X8, with 0.2 m ammonium formate buffer of pH 


Ninhydrin color value 
I 


(Leucine equivalents- mM conc, 
> 


i=) 


0.5 1.0 1.5 2.0 2.5 
Effiuent liters 


Fic. 2. Isolation of cystathionine by chromatography of a protein-free extract 
of human brain on a 4 X 30 cm. column of ammonium Dowex 50-X8 (Experiment I). 
A 0.2 mM ammonium formate buffer of pH 3.32 was used as eluent. The temperature 
was 25°. An amount of extract from 190 gm. of brain tissue was chromatographed. 
Fractions combined for isolation are indicated by the brackets. Ninhydrin analyses 
were carried out on aliquots of the effluent fractions after removal of the buffer by 
heating at 50° in a vacuum desiccator. The A zone was found to contain cysta- 
thionine, along with hypoxanthine (a ninhydrin-negative contaminant), and the B 
zone contained mainly creatine. The overlap of creatine and cystathionine was 
eliminated in the subsequent experiments by converting creatine to creatinine before 
chromatography (Experiment II, see the text). 


3.32 (not containing thiodiglycol or BRIJ 35) as eluent. For the nin- 
hydrin analyses, 0.2 ml. aliquots were withdrawn from every third 12 ml. 
fraction, and the ammonium salts were removed at 50° in a vacuum desic- 
eator (5). 

Under these conditions, a second peak followed the main one and in- 
dicated the presence of an overlapping component which did not emerge 
at this position when the eluent was sodium citrate. The effluent fractions 
comprising the A and B zones were pooled as indicated in Fig. 2. Each 
portion was separately freed of buffer by concentration on a rotary evap- 


.) 
to 
ler 
at 
a 
24 
th | 
ol 
of ; 
n, 
or ; 
ly 
of | 
e | 
st 
in 
of 
a 


710 L-CYSTATHIONINE IN HUMAN BRAIN 


orator and two lyophilizations. Recoveries were as follows: Fraction A, 
108 mg. of a slightly yellow powder; Fraction B, 181 mg. of a white powder. 
The observed weights and the total ninhydrin colors of the two fractions 
indicated the presence, particularly in Fraction B, of one or more sub- 
stances possessing a relatively low color yield in the ninhydrin reaction. 
It was noted, further, that Fraction A was much less soluble in water 
than Fraction B. 

Part of Fraction A (21 mg.) was dissolved in a minimal amount of hot 
water and allowed to crystallize overnight in the cold; yield, 6 mg. (Frac- 
tion A-1). The filtrate was concentrated and precipitated with ethanol 
to yield, after standing overnight in the cold, 8 mg. of crystals (Fraction 
A-2). Infrared spectra! of Fractions A-1 and A-2 indicated that they were 
different substances. When the infrared spectrum of Fraction B was 
determined, it was found to be identical with that of Fraction A-2. 

Part of Fraction B was recrystallized from water and submitted to 
analysis. Ash = 0.0 per cent. 


C,H »N;30:2 (131.1). Calculated. C 36.63, H 6.92, N (Dumas) 32.07 
Found. 36.72, 6.96, 32.17 


The substance gave an analysis fitting that of creatine, and, in addition, 
the infrared spectrum of a known sample of creatine was identical with 
that of Fractions B and A-2. 

To remove the contaminating creatine from the major part of Fraction A, 
the remainder of the material (87 mg.) was dissolved in 8 ml. of hot water 
and cooled slowly to room temperature. The crystals that formed were 
removed by filtration and washed with water; yield, 6 mg. (Fraction A-3). 
The filtrate and washings were concentrated to 5 ml. and cooled to room 
temperature; 11 mg. of yellow crystals were deposited (Fraction A-4), 
and it appeared at this stage that the mother liquors probably contained 
at least one principal (and probably ninhydrin-negative) contaminant 
in addition to creatine. A further concentration caused a deposition of 
white crystals, which, however, became admixed with yellow crystals 
after standing in the cold overnight; yield, 12 mg. (Fraction A-5). 

The first of the above three crops of crystals (Fraction A-3) was sub- 
mitted to analysis. Ash = 0.1 per cent. 


C7:Hi4N20,8 (222.3). Calculated. C 37.83, H 6.35, N (Dumas) 12.60 
Found. ** 37.89, 6.44, 12.83 


Insufficient material was available for a sulfur analysis, but the presence 
of sulfur was suspected from the behavior of the substance in the C and H 


1 It is a pleasure to acknowledge the generous cooperation and assistance of Dr. 
Herbert Jaffe in the determination of the infrared spectra reported in this paper. 
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determination. From the empirical formula, the substance could have 
been either cystathionine or $-methyllanthionine. The fact that the 
former is known to emerge from columns of Dowex 50-X4 at a position 
between valine and methionine (7) was consistent with the supposition 
that the unknown might be cystathionine. The infrared spectrum obtained 
initially from synthetic L-cystathionine,? though containing the same 
absorption bands as the spectrum of Fraction A-3, showed a different 
intensity of absorption. However, when the synthetic amino acid, which 
had originally been crystallized from a salt solution (8), was recrystallized 
from water, as the isolated sample had been, the infrared spectrum became 
identical with that of Fraction A-3. 

Elemental analysis of the impure Fraction A-4 showed that it had a 
higher content of C and N and a lower content of H than cystathionine. 
In an attempt to ascertain the nature of the impurity, the mixed crystals 
of Fraction A-5 were separated manually under a magnifying glass into 
white crystals, 8 mg. (Fraction A-5-a), and yellow crystals, 4 mg. (Frac- 
tion A-5-b). The white crystals gave the infrared spectrum of cystathio- 
nine. In order to account for the high N and low H content of Fraction 
A-4, it was thought that the yellow crystals might be a purine or a pyrimi- 
dine. The ultraviolet absorption spectrum of an aqueous solution of 
Fraction A-5-b was, therefore, determined on a Beckman DU spectro- 
photometer. Maximal absorption occurred at a wave length of 250 
my, and the absorbance ratios at different wave lengths were as follows: 
250:260 mu, 1.37; 280:260 my, 0.07; 290:260 my, 0. These values sug- 
gested that the compound was hypoxanthine (cf. Beaven et al. (9)). A 
comparison of the infrared spectrum of synthetic hypoxanthine*® with 
that of Fraction A-5-b showed almost complete identity, although there 
were several minor peaks in the spectrum of Fraction A-5-b that coin- 
cided with major absorption maxima in the cystathionine spectrum. 

Isolation of Cystathionine from Human Brain (Experiment II)—The 
experiments described above, which led to the isolation of the unknown 
compound from human brain and its characterization as cystathionine, 
showed the first preparation to be contaminated by creatine and hypoxan- 
thine which were not completely removed by the relatively short column 
chosen for the preparative chromatography. The following simpler 
method of isolation was therefore adopted in order to obtain purer material. 
The protein-free extract, prepared in the usual manner, was made 1 N 
with respect to HCl by the addition of concentrated HCl. The acidified 
solution was heated for 1 hour under reflux (bath temperature, 120°) 


* We are greatly indebted to Dr. Marvin D. Armstrong for generous samples of 
synthetic L-cystathionine and L-allocystathionine. 
3 We are indebted to Dr. Elliott N. Shaw for asample of synthetic hypoxanthine. 
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in order to convert creatine to creatinine; the solution was then cooled, 
filtered, and taken to dryness three times to remove HCl. The final 
residue was dissolved in water, brought to pH 2 with a few drops of con- 
centrated NH,OH, and chromatographed on Dowex 50-X8. The results 
were similar to those shown in Fig. 2, except that the ninhydrin-positive 
shoulder on the cystathionine peak was absent, and this region contained 
no creatine, as determined by the Jaffé reaction on the combined effluent 
fractions after boiling the solution with 1 N HCl. 

In order to separate the cystathionine from hypoxanthine chromato- 
graphically, the combined effluent fractions from the peak were first freed 


Wave length - 


Cyst athionine 


Natural 


800 80 100 100 1300 1400500 000-500 5000 


—FRelative absorption— 


Frequency - cm. 

Fic. 3. Infrared absorption of L-cystathionine in KBr, determined with a Perkin- 

Elmer model 21 double beam spectrometer with NaCl optics, set at a scanning speed 

of 0.2 u per minute on a chart scale of em. forly. The sample of synthetic L-cysta- 
thionine was crystallized from distilled water. 


of buffer by concentration on a rotary evaporator and two lyophilizations. 
The residue was dissolved in ammonium formate buffer of pH 2.8 and 
chromatographed in two portions on a 2 X 15 cm. column of Dowex 50-X8 
in the ammonium form, with 0.2 M ammonium formate buffer of pH 3.00 
as eluent. Under these conditions, hypoxanthine emerges at 250 effluent 
ml. and cystathionine at 517 ml. 

The fractions containing cystathionine were combined and freed of buffer 
by concentration and lyophilization, and the residue was dissolved in water 
and filtered through a pad of Celite to remove fibers and particles of resin. 
The filtrate and washings were concentrated and cooled to 5°; the crystals 
that formed were filtered, washed with cold water, and dried in vacuo 
over P.O;. Yield, 22.2 mg. Ash = 0.1 per cent. 


C7HisN20,8 (222.3). Calculated. C 37.83, H 6.35, N (Dumas) 12.60, S 14.43 
Found. 37.90, 6.48, 12.69, 14.06 
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[a]? +26.4° (0.8 per cent in N HCl), determined with a Beckman DU 
spectrophotometer fitted with a polarimetric unit (model D, series No. 
112, Standard Polarimeter Company, New York). With the same ap- 
paratus, a sample of synthetic L-cystathionine gave [a]? +28.3° (0.8 
per cent in N HCl); the value given by Armstrong (8) is [a]?’ +23.9°. 
Horowitz (10) reports [a] +26° + 2° for natural t-cystathionine. 

The infrared spectra of the isolated cystathionine and of the synthetic 
material after recrystallization from water are given in Fig. 3. 


TaBLeE [ 
Concentration of Cystathionine in Various Animal Tissues 


The chromatographic analyses were performed on aliquots of a picric acid ex- 
tract with an automatic recording apparatus (4). For the human and monkey 
brains, the occipital lobes were taken; for the other human tissues, random portions; 
for the cow brain, random portions of the cerebrum; and, in the other cases, whole 
brains or combined brains (the number is given in parentheses) were used. The 
five human brains were from individuals dying of cancer of the pancreas, Wilson’s 
disease, leucemia, arteriosclerotic cardiovascular disease, and myocardial infarc- 
tion, respectively. 


Animal Tissue Cystathionine concentration 
mg. per cent 

Man Brain 56.6 
55.4 

7 55.1 

25.6 

22.5 

Liver 0.8 

Kidney 0.7 

Muscle 0.8 

Monkey Brain 12.8 
Cow 1.2 
Cat 2.7 
Rat 3.9 
Guinea pig 3.1 
Chicken 0.6 
Duck 0.2 
Horseshoe crab Brains (2) 15.0* 


* The extract of the horseshoe crab tissue contained about 10 times the amounts 
of the common amino acids found in the other brains, and cystathionine was thus 
not high relative to the other amino acids. 


Distribution of Cystathionine in Animal Tissues—Extracts of the brains 
of various species and extracts of several human tissues were analyzed by 


‘We are greatly indebted to Dr. Lyman C. Craig, who generously measured the 
optical rotations with the spectrophotometric equipment. 
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using 0.9 XK 150 cm. columns with the automatic recording apparatus 
(4) (see Fig. 1). The results are presented in Table I. The largest 
amounts of cystathionine were found in human brain, but detectable 
quantities of material emerging exactly at the cystathionine position were 
found in extracts of other brains and in the other human tissues examined. 
It should be emphasized, however, that, except in the case of the human 
brains, the identification of the compound is based solely on its position 
on the chromatogram and that the results shown in Table I must there- 
fore be considered as maximal figures. 

The observed value of 15.0 mg. per cent cystathionine in the brain of 
the horseshoe crab (Table I) has to be considered in conjunction with 
the fact that in this tissue all of the other amino acids were more con- 
centrated by about a factor of 10 than they are in human brain. Rela- 
tive to the other amino acids in the crab brain, cystathionine was not 
present in a higher concentration than it is in the brains of most of the 
other species studied. 


DISCUSSION 


The formation of cystathionine in the metabolic conversion of methio- 
nine to cysteine has been clearly established; the work has been reviewed 
by du Vigneaud (11). The existence of the compound in nature was 
demonstrated by Horowitz (10), who isolated it from the mycelium of a 
methionineless mutant of Neurospora, and by Hess (12) and Tabachnick 
and Tarver (13), who showed chromatographically that it was present 
in fasted rats fed methionine and serine. Berg (14) found that cell-free 
extracts of pigeon liver catalyzed the anaerobic incorporation of formate- 
C' into cystathionine. However, to our knowledge, cystathionine has 
not heretofore been shown to be present in measurable quantities as a 
normal constituent of a mammalian tissue. 

That the conversion of methionine to cysteine actually takes place in 
brains has been shown by Gaitonde and Richter (15), who used §*°-labeled 
methionine. The demonstration in the present work of the occurrence of 
cystathionine in relatively large amount in extracts of human brain sug- 
gests the existence in this tissue of a special relationship between the 
amounts of the enzymes involved in the synthesis and in the cleavage of 
the amino acid. One possibility is that the cystathionase of human brain, 
an enzyme not yet studied, is extremely labile. Were this the case, in 


5 The short 0.9 X 15 cm. columns referred to earlier can be used for the analysis 
of human brain, but the relatively broad peak does not provide an accurate estimate 
of the amount of cystathionine present when the concentration is as low as it is in 
most brain tissues other than the human. The ninhydrin color yield from cysta- 
thionine (per two NHp groups) is 1.20. 
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the interval between the death of the individual and the treatment of the 
brain sample with picric acid, cystathionine might continue to be formed, 
but, not being broken down in the normal manner, would accumulate. 
Alternatively, it is possible that in human brain the concentration of 
cystathionase is such that, at equilibrium, there is a large amount of 
cystathionine present, although the process of sulfur transfer otherwise 
proceeds in the usual manner. Other explanations would require that 
the human brain differ in its sulfur metabolism from the other tissues of 
the human body and from the brains of other species. 

The question of vitamin Bg deficiency also bears on the subject of 
cystathionine metabolism. Cystathionase has been reported to be a 
pyridoxal-dependent enzyme (Binkley et al. (16)), and Blaschko and Hope 
(17) have found that a pyridoxine deficiency in the rat results in the excre- 
tion of cystathionine, presumably as a result of a metabolic block leading 
to its accumulation. Since, of necessity, the human brains used in the 
present study were not obtained from “normal” subjects, the effect of a 
possible vitamin Be, deficiency on brain cystathionase would have to 
investigated. 

With regard to the isolation of creatine and hypoxanthine in the course 
of the present work, it should be noted that the occurrence of both com- 
pounds has long been known. Creatine was isolated from human brains 
in 1857 by Miiller (cf. Hunter (18)), and the presence of hypoxanthine 
was reported by Thudicum in 1884 (cf. Page (19)). 


SUMMARY 


L-Cystathionine has been found in protein-free extracts of five human 
brains at concentrations ranging from 22.5 to 56.6 mg. per 100 gm. wet 
weight of tissue. Jon exchange columns have been used for the isolation 
of the compound in quantity sufficient to permit characterization by ele- 
mentary analysis, optical rotation, and infrared spectrum. Analytical 
scale chromatograms have shown human liver, kidney, and muscle to con- 
tain less than 1 mg. per cent of cystathionine. The concentration in the 
brains of other species was less than 4 mg. per cent, except in the brain of 
the rhesus monkey, which contained 12.8 mg. per cent, and in the special 
case of the brain of the horseshoe crab (15 mg. per cent), in which the 
concentrations of nearly all of the accompanying amino acids were nearly 
10-fold those found in the brain tissues of the other species studied. 


It is a pleasure to acknowledge the cooperation of Dr. Darrel H. Spack- 
man, as well as the technical assistance of Miss Kerstin Johansson and 
Miss Aileen M. Cordon, in carrying out the amino acid analyses on the 
automatic recording apparatus. We are greatly indebted to Mr. S. 
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Theodore Bella for the elemental analyses and to Miss Renate Mikk and 
Miss Joyce F. Scheer for technical assistance. 
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OCCURRENCE OF METHYLATED PURINE BASES 
i IN YEAST RIBONUCLEIC ACID* 
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A number of methylated purine bases have recently been reported to 
occur in small quantities in the urine of normal human subjects. These 
include 1-methylguanine, N?-methylguanine (6-hydroxy-2-methylamino- 
purine),! 1-methylhypoxanthine, and 8-hydroxy-7-methylguanine (1) in 
addition to 7-methylguanine, previously known as a urinary constituent 
(2). These compounds were found to be metabolites of endogenous origin 
(3). Their metabolic role has not been elucidated. 

The present study was undertaken to determine whether some of these 
methylated purines may occur as minor components of nucleic acids. 
Because of their ready availability, preparations of yeast ribonucleic acid 
and deoxyribonucleic acids from calf thymus and herring sperm were first 
examined. 


EXPERIMENTAL 


Materials and Methods—The yeast nucleic acid was purchased from the 
Schwarz Laboratories, Inc., the sperm deoxyribonucleic acid from the 
Nutritional Biochemicals Corporation, and the thymus deoxyribonucleic 
acid (“‘highly polymerized’’) from the Worthington Biochemical Corpora- 
tion. We wish to thank Dr. G. B. Elion and Dr. G. H. Hitchings for the 
synthetic specimens of N*®-methyladenine (6-methylaminopurine),! 1- 
methylguanine, and N?-methylguanine used. The conditions employed 
throughout this study for paper chromatography and ion exchange chro- 
matography on analytical columns of Dowex 50 were those described in a 
previous report (1). 

Ion Exchange Chromatography of Yeast Ribonucleic Acid Hydrolysates— 
A solution of 250 mg. of the yeast nucleic acid preparation in 50 ml. of N 
sulfuric acid was heated for 1 hour at 100°. These conditions of hydroly- 


* This work was supported in part by a grant (DRG-373) from the Damon Runyon 
Memorial Fund for Cancer Research, Inc. 

1 In this, as in previous reports, the designation N?-methylguanine is used through- 
out for the compound 6-hydroxy-2-methylaminopurine, and 6-methylaminopurine 
is referred to as N*-methyladenine; these names are used to emphasize the relation- 
ship of the compounds to guanine and adenine. 
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sis have been reported to liberate the purines as free bases, leaving the 
pyrimidines largely in the form of nucleotides (4). The filtered solution, 
diluted with water, was chromatographed on the Dowex 50 column. The 
chromatogram showed several peaks preceding the guanine peak (Fig. 1, A). 
These were believed to represent pyrimidine nucleosides and were not 
investigated further. The region where the peaks for methylated guanines 
would normally occur, if present (tube numbers 97 to 139, Fig. 1, A), con- 
tained too little material for investigation. The material in the peak at 
tube number 177, immediately after adenine, was investigated by paper 
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Fig. 1. Fractionation of a yeast ribonucleic acid hydrolysate at various loadings 
on identical Dowex 50 columns (Peak GU is guanine, Peak AD is adenine, Peak M 
is N?-methylguanine, Peak N is 1-methylguanine, Peak P is N*-methyladenine; the 
numerical values indicate the peak tube number and peak optical density, respec- 
tively, where these occur off the scale of the plot). A represents chromatography 
of 250 mg. of hydrolysate; B represents chromatography of 2.5 gm. of hydrolysate; 
C represents rechromatography of the material taken from the areas indicated in 
B. 


chromatography and ultraviolet spectrophotometry. It contained a sub- 
stance, the properties of which were similar to those of N*-methyladenine, 
which was estimated to constitute 0.1 per cent of the purine content of the 
nucleic acid preparation. 

To secure sufficient material for further investigation, 2.5 gm. of yeast 
nucleic acid were hydrolyzed as before. Sulfuric acid was removed with 
barium hydroxide (added to pH 1) and barium chloride. The solution was 
concentrated and chromatographed on the Dowex 50 column. The chro- 
matogram at this 10-fold heavier loading showed a considerable widening 
of the guanine and adenine bands and a shift of their peaks toward lower 
tube numbers (Fig. 1, B). N*®-Methyladenine was incompletely resolved 
from adenine in this chromatogram and appeared in a terminal shoulder 
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(tube numbers 150 to 180, Fig. 1, B). A minor peak also appeared between 
the large peaks for adenine and guanine, suggesting the possible presence 
of methylated guanines. 

To isolate these minor constituents from the contaminating adenine and 
guanine, the contents of the tubes numbered 82 to 102 and 140 to 175 
were pooled, concentrated in vacuo, and chromatographed on a new Dowex 
50 column. In addition to the remaining guanine and adenine, this new 
column (Fig. 1, C) resolved three distinct small peaks. 

- N*-Methyladenine—The material in Peak P of the last chromatogram 
(tube numbers 168 to 182, Fig. 1, C) was purified by band chromatography 
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Fig. 2. Ultraviolet absorption of a synthetic specimen of N*-methyladenine 
(curves) and of the specimen of this substance from yeast nucleic acid (points) at 
several pH values (pH 2.0, @; pH 5.7, O; pH 14, ®). 


on Whatman No. 3MM paper developed with butanol-ammonia. The 
material in the principal band was eluted and again chromatographed as a 
band, with butanol-formic acid as the developer. The ultraviolet absorp- 
tion at 260 my of the substance eluted from the principal band was approx- 
imately 80 per cent that of Peak P. Part of the eluate was used for the 
determination of the absorption spectrum at several pH values. The 
remaining material served for determination of R, values and treatment 
with nitrous acid. 

As seen in Fig. 2 and in Table I, the correspondence between the ultra- 
violet absorption spectrum of the substance so separated from the yeast 
nucleic acid hydrolysate and an authentic specimen of N*-methyladenine 
is excellent at four pH values. The mobilities on the Dowex 50 column 
used and on paper chromatograms developed with two solvents also cor- 
respond for the yeast N *-methyladenine and the synthetic specimen (Table 


he 
Nn, 
he 
1), 
ot 
es 
n- 
at 
ZS 
{ 
1é 
2 


720 METHYLATED PURINES 


I). The identification was further confirmed by treatment of each speci- 
men with nitrous acid (5) under the conditions previously described (1). 
The nitrous acid product, presumed to be N®-nitroso-N *-methyladenine 


TABLE 


Properties of Trace Purines from Hydrolysates of Yeast Nucleic Acid and of Authentic 
Purines for Comparison 


Tube ene Ultraviolet absorption at 
No., 
in 
Substance and source pH 2.0 pH 9.0 pH 14 
umnt |20l-am- jnol-for- 


monia |mic acid Amax Amin Amax Amino Amax Amin 


my mu my mp mu mp 
N*-Methyladenine | Y | 172 | 0.56 | 0.45 | 267.5) 232.5) 266.5, 232 | 273 | 240 
es A | 169 | 0.57 | 0.45 | 267.5) 232.5) 267.5) 231 | 273 | 239 
‘‘Nitroso-N °®- Y 0.46 | 0.65 | 263§ | 243 | 266§ | 247.5) 273.5) 242 
methyladenine”’ 
297 | 275§ | 302§ | 288§ 
‘‘Nitroso-N ®- A 0.46 | 0.65 | 263§ | 242 | 267§ | 247.5) 274 | 242 
methyladenine”’ 


296.5] 270§ | 302§ | 288§ 


N?-Methylguanine | Y | 100 | 0.22 | 0.31 | 251.5) 230 | 247 | 229 | 257§ | 245 
278§ | 273§ | 279 | 265 | 277.5 
” A | 97 | 0.22 | 0.30 | 250.5) 228 | 246.5) 229 | 256§ | 244 
280§ | 271§ | 279 | 266 | 278 
1-Methylguanine Y | 106 | 0.17 | 0.19 | 251 | 227 | 249.5) 227.5) 275 | 243.5 
273§ 272§ 262§ 
si A | 105 | 0.18 | 0.21 | 250 | 227.5) 249.5) 227 | 276.5) 241.5 


* Y denotes the substance derived from a yeast nucleic acid hydrolysate, and A 
denotes the substance derived from a synthetic specimen. 

t For the substances from yeast, this represents the peak tube number in the 
Dowex 50 column (Fig. 1, C) used for isolation of the specimens; the tube numbers 
for the peaks given by synthetic specimens are those published previously (1). 

t These Rr values were determined at the same time for the present purpose, and 
they are slightly different from those reported earlier (1). 

§ These values represent shoulders, points of inflections, or poorly defined peaks 
and are approximate. 


(5), obtained from the natural specimen and that obtained from synthetic 
N*-methyladenine showed similar characteristics (Table I). The data 
given here for N*-methyladenine correspond with those in the literature 
(5-7). The amount of N*®-methyladenine in the yeast nucleic acid speci- 
men was again estimated to be 0.1 per cent of the purine content. 
N?-Methylguanine—One principal band was obtained in similar band 


—— | 
2738 2728 263§ 
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paper chromatography of the material in Peak M (tube numbers 98 to 
103, Fig. 1, C). The spectral characteristics of the substance eluted from 
this band, as well as its mobilities on paper and on the Dowex 50 column, 
were similar to those of synthetic N?-methylguanine (Table I). It was 
estimated to constitute 0.01 per cent of the purine content of the yeast 
ribonucleic acid specimen. 

1-Methylguanine—Similar purification of the principal component of 
Peak N (Fig. 1, C, tube numbers 104 to 114) gave material whose prop- 
erties indicated its identity with synthetic 1-methylguanine (Table I). 
The yield of this substance was approximately the same as that of N?- 
methylguanine. 

Deoxyribonucleic Acids—The deoxyribonucleic acid present as a con- 
taminant (8) in the yeast ribonucleic acid specimen used was obtained 
nearly pure by alkali treatment and alcohol precipitation (8). A 200 mg. 
sample of the resulting deoxyribonucleic acid was hydrolyzed with per- 
chloric acid (9). After removal of the perchlorate as the potassium salt, 
the hydrolysate was chromatographed on the Dowex 50 column. No 
indication of the presence of methylated guanines or N*-methyladenine 
was found. Similar negative results were obtained with hydrolysates of 
commercial deoxyribonucleic acid preparations from herring sperm and 
from calf thymus. 


DISCUSSION 


Demonstration of the occurrence in various deoxypentose nucleic acids 
of nitrogenous bases other than adenine, guanine, cytosine, or thymine 
has been made possible by the introduction of appropriate sensitive tech- 
niques for their separation and identification. ‘Thus, 5-methylcytosine 
has been discovered to occur in amounts ranging from 6 to 0.2 per cent of 
the base content in deoxypentose nucleic acids from sources including 
wheat germ, herring sperm, calf thymus, and the locust (10). 5-Hydroxy- 
methylcytosine has been found to replace cytosine entirely in the deoxy- 
pentose nucleic acids of some Fscherichia coli bacteriophages (11). N*- 
Methyladenine has been found to occur in amounts approximating 0.4 per 
cent of the base content in the deoxypentose nucleic acids of some strains 
of FE. coli and in amounts as large as 4 per cent for thymine-requiring mu- 
tants grown in thymine-deficient media (5). 

In the case of the pentose nucleic acids, the occurrence of similar so 
called “satellite” (12) nitrogenous bases, as described here, apparently has 
escaped previous notice. The demonstration of N*-methyladenine, 1- 
methylguanine, and N?-methylguanine in the yeast nucleic acid specimen 
examined was made possible by techniques specifically designed for the 
detection of trace components. A closer examination than heretofore may 
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well reveal similar minor components in pentose nucleic acids from other | 


sources. That the trace substances found do not originate from the de- 
oxypentose nucleic acid present as a contaminant has been demonstrated 
under ‘Experimental.’ While the possibility that they might originate 
in substances adsorbed on the nucleic acid appears unlikely, it cannot be 
entirely excluded by the present experiments. 

The relative proportion of 1-methylguanine or N?-methylguanine now 
found in the yeast nucleic acid specimen, 0.01 per cent of the purine con- 


tent, is rather smaller than the proportion of these bases previously found | 


in human urine, 0.1 per cent of the uric acid content (3). It may be pointed 
out that N®-methyladenine has not been detected in human urine, although 
it is recoverable when added (1). The presence in yeast nucleic acid of 
7-methylguanine, the principal endogenous methylated purine base of 
human urine, would not be detected by the present methods because of 
interference by the large amount of adenine. However, the occurrence of 
7-methylguanine in any polynucleotide would be unexpected, since ribose 
is linked to the purines in position 9 in the known naturally occurring ribo- 
tides, and this position is blocked by the 7-methy] substitution. 
Ribonucleic acids from various sources including yeast are known to be 
grossly inhomogeneous as judged by physical (13, 14), chemical (15, 16), 
and metabolic (cf. (16) and (17) for bibliography) criteria. The number 
of distinct polymeric species present in any specimen is' unknown. ‘The 
methylated purine bases reported here may be randomly incorporated into 
the various component nucleic acids in the specimens as the result of in- 
completely specific enzymatic action. On the other hand, it appears pos- 
sible that the methylated purines represent functional constituents of 
particular nucleic acids. In this case, because of the low apparent molec- 
ular weight of yeast ribonucleic acid (18) and the small amounts of these 
bases, the nucleic acids containing them would be expected to be minor 
components (as little as 1 per cent) of the total ribonucleic acid. 


SUMMARY 


Investigation of the occurrence in yeast ribonucleic acid hydrolysates 
of trace amounts of purine bases other than adenine or guanine revealed 


the presence of N*-methyladenine (6-methylaminopurine), N*-methylgua- | 
nine (6-hydroxy-2-methylaminopurine), and 1-methylguanine. These | 
substances were identified by spectrophotometric and chromatographic | 
comparisons with authentic specimens. The N*methyladenine constituted | 


0.1 per cent of the purine content of the specimen examined. Each of the 
methylated guanines was present in about one-tenth this amount. The 
methylated purines found were not detected in hydrolysates of deoxy- 
pentose nucleic acid from yeast, calf thymus, or herring sperm. 
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EFFECT OF SUCCINATE, FUMARATE, AND OXALACETATE ON 
KETONE BODY PRODUCTION BY LIVER SLICES FROM 
NON-DIABETIC AND DIABETIC RATS* 


By CLARISSA H. BEATTY, EDWARD S. WEST, ann ROSE MARY BOCEK 


(From the Department of Biochemistry, University of Oregon Medical School, 
Portland, Oregon) 


(Received for publication, September 17, 1957) 


The metabolism of fatty acids involves the production of acetyl coenzyme 
A and its condensation with oxalacetate for complete oxidation in the citric 
acid cycle. The availability of oxalacetate can determine the extent of 
metabolism via the Krebs cycle (1). In the presence of a low level of 
oxalacetate in the liver, fatty acid metabolism should produce an excess of 
ketone bodies. 

Previously (2) we have demonstrated that the administration of various 
precursors of oxalacetic acid (succinic acid, malic acid, a-ketoglutaric acid, 
etc.) and oxalacetic acid itself decreases total urinary ketone body excretion 
in non-diabetic rats made ketotic by the administration of butyric acid. 
We have also shown (3) that the administration of succinic and malic 
acids in doses sufficient to produce increased glucosuria has no effect on the 
ketonuria of alloxan-diabetic rats fed Wesson oil. Furthermore, the 
administration of small amounts of insulin plus succinic or malic acid to 
our insulin-deficient preparation caused a larger decrease in ketonuria than 
when insulin alone was given. 

In the present investigation we have compared the effects of oxalacetic 
acid precursors such as fumarate on the production of ketone bodies by 
liver slices from normal and diabetic rats. Changes in oxygen consumption 
and in glucose production were also measured. 


EXPERIMENTAL 


Female Sprague-Dawley rats, 180 to 220 gm., were used throughout these 
experiments. Rats were made diabetic by the subcutaneous injection of 
7 to 8 mg. per 100 gm. of recrystallized alloxan monohydrate (10 per cent 
solution) and were not used less than 3 weeks after alloxan administration. 
All the alloxan-diabetic rats had 20 hour fasting blood sugar levels of 300 


*This work was supported in part by research grant No. A-213 from the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, Public 
Health Service. 

Presented in part at the Federation of the American Societies for Experimental 
Biology, March, 1956. 
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mg. per cent or more. Another group of rats was made diabetic by re- 
moving 95 per cent or more of the pancreas. These animals had non-fast- 
ing blood sugar concentrations above 300 mg. per cent in 7 days and 20 
hour fasting blood sugar levels of 180 to 330 mg. per cent in 4 weeks, 
They were maintained on a diet of Purina chow plus 3 per cent pancreatin. 

The rats were lightly anesthetized with 3 mg. per 100 gm. of Nembutal 
and decapitated; the livers were quickly excised and dampened with 
medium. Slices were immediately cut with a Stadie-Riggs slicer and 
placed in a 25 ml. Warburg flask containing 3 ml. of modified Krebs- 
phosphate-buffered medium at pH 7.4. The flasks were then incubated 
in 100 per cent oxygen at 37° with constant shaking at 120 strokes per 
minute. Ketone body concentration in the medium was determined by 
the method of Greenberg and Lester (4) and glucose by the procedure of 
Somogyi (5). Nitrogen was determined by digestion and vacuum dis- 
tillation (6). 

In order to correct for the amounts of substances present in the slice 
before incubation, determinations of ketone bodies and glucose in the 
medium were made after incubation for 15 minutes and after 75 minutes 


(7). The differences between these concentrations are taken as measures | 


of ketone body and glucose production, respectively. The substrates were 


tipped in following the 15 minute control period. In view of the work by } 


Hastings and Buchanan (8) on the incubation of liver slices in a high 
potassium medium, O2 consumption and ketone body production were 
investigated over 1 and 2 hour periods in media high in either K+ or Nat. 


As the results on O2 consumption and ketone body production were very | 
similar in both media, the experiments were continued with the high Nat | 
medium. The Ca** level was decreased to one-half of the value recom- | 
mended by Krebs in order to eliminate precipitation in the medium. This | 


change did not affect either O. consumption or ketone body production. 


RESULTS AND DISCUSSION 


As can be seen in Table I, liver slices from rats fasted for 24 hours pro- 
duced an average of 89.6 y per 100 mg. per hour of ketone bodies while 


slices from rats fasted for 14 hours produced only 43.4 or 34.4 y per 100 | 


mg. per hour. These values agree well with those of others (7, 9). Over 
the same experimental periods glucose was also produced. The addition 
of succinate or fumarate decreased the production rate of ketone bodies. 
We have no explanation for the fact that Weinhouse and Millington (10) 
could show no effect of fumarate on acetoacetate oxidation by liver slices 
from fasted rats. However, they state that the effect of fumarate could 
have been missed owing to the “trapping” of C in the large excess of 
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fumarate. In control experiments without, added substrate the O2 con- 
sumption decreased 0.12 + 0.03 (the standard error) yl. per mg. over the 
1 hour experimental period. The addition of succinate caused an ap- 
proximate doubling of O2 uptake, while fumarate merely abolished the 
drop which occurred in O2 consumption in the control flasks (+0.02 + 
0.05 ul. per mg. per hour). 


TABLE I 


Production of Ketone Bodies* and Glucose (Micrograms per 100 Mg. per Hour Wet 
Weight) by Liver Slices from Fasted Control Rats in Krebs-Phosphate-Buffered 
Medium, pH 7.4 to 7.5, with and without Substrate 


Production of ketone bodies Production of glucose 

24 hr. fast 
No substrate (10)f.............. 89.6 53.8 
4+ succinatef................. —15.2 + 3.5§ +31.9 + 15.9§ 

14 hr. fast 
No substrate (8)................ 43.4 63.8 
4 + succinatet................. —13.6 + 3.9 —0.4 + 14.6 
No substrate (8)................ 34.4 117 
4 + fumaratet................. —-11.2 + 1.3 +57.0 + 19.0 


* Expressed as acetone. 

t The figures in parentheses represent the number of experiments. 
t Final concentration, 20 mmoles per liter. 

§ Standard error of the difference. 


When succinate was added to liver slices from fasted alloxan-diabetic 
rats, no decrease was observed in ketone production (Table II). This is 
in agreement with our previous observations in vivo (3). However, there 
were an approximate doubling of O2 consumption and an increase in glucose 
production. When fumarate was added to liver slices from fasted al- 
loxan-diabetic rats, a significant decrease in ketone production occurred 
(Table II). This is in agreement with Stadie et al. (9), who demonstrated 
a decrease in ketone formation by liver slices from two diabetic cats fol- 
lowing the addition of fumarate. The difference in results with fumarate 
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and succinate may be due to the fact that succinate has alternative path- 
ways of metabolism apart from the citric acid cycle (11-13). 

Although no alloxan-diabetic rats were used sooner than 3 weeks after 
alloxan administration, the fact that liver slices from 14 hour-fasted dia- 
betic rats produced no more ketones than did slices from controls fasted 
for 14 hours (Table IV) raised the question as to whether or not these 


TABLE II 
Production of Ketone Bodies* and Glucose (Micrograms per 100 Mg. per Hour Wet 
Weight) by Liver Slices from Rats Fasted for 14 Hours 
The liver slices were incubated in Krebs-phosphate-buffered medium, pH 7.4 to 
7.5, with and without substrate. 


Production of ketone bodies Production of glucose 


Alloxan-diabetic rats 


No substrate (9)f............... 38.4 254.0 
A + succinatet................. —2.6 + 2.2§ +92 + 9.6§ 
No substrate (9)................ 43.8 231.6 
A + fumaratefl................. —12.6 + 2.6 +44.8 + 474 


Alloxan-diabetic adrenalectomized rats|| 


No substrate (5)................ 40.0 129.0 
A + fumarateft................. —13.2 + 2.5 +283 + 79 


* Expressed as acetone. 

+ The figures in parentheses represent the number of experiments. 

t Final concentration, 20 mmoles per liter. 

§ Standard error of the difference. 

|| Fasting blood sugar values, 150 to 400 mg. per cent before adrenalectomy. 


diabetic livers were in good physiological condition. Longer periods of 
fasting increased ketone production by liver slices from control but not 
from alloxan-diabetic rats. No histological evidence of liver damage 
was observed in the fasted diabetic series, and the per cent dry weight, per 
cent nitrogen, and QO, consumption were similar for both series (Table V). 

Morita and Orten (14) have shown that adrenalectomy decreases the 
high liver glycogen levels found in the fasting alloxan-diabetic rat. If 
the low ketone production in the fasted diabetic rat is due to a high liver 
glycogen concentration, adrenalectomy should increase ketosis. However, 
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liver slices from fasted, adrenalectomized, alloxan-diabetic rats (Table II) 
produced no more ketone bodies than liver slices from fasted control animals 
(Table I). These diabetic rats had fasting blood sugar values between 
150 and 400 mg. per cent before adrenalectomy. They were used ap- 


TaBLeE III 


Production of Ketone Bodies and Glucose (Micrograms per 100 Mg. per Hour Wet 
Weight) by Liver Slices from Fed Diabetic Rats in Krebs-Phosphate-Buffered 
Medium with and without Substrate 


Production of ketone bodies Production of glucose 


Alloxan-diabetic rats, pH of medium 7.4 to 7.5 


No substrate (9)*............... 39.6 303.0 
—8.7 + 2.4} +94 + 54} 
No substrate (7)................ 37.6 324.0 
A + oxalacetate§............... —6.5 + 2.0 —49 + 3l 


Depancreatized rats, pH of medium 7.4 to 7.5 


No substrate (6)................ 59.6 223.3 
A+ fumaratet................. —11.8 + 2.8 —51.7 + 32.8 


Depancreatized rats, pH of medium 7.0 


No substrate (6)................ 40.2 195.0 
4+ fumaratef................. +1.0 + 5.5 —23.2 + 19 


* The figures in parentheses represent the number of experiments. 
t Final concentration, 20 mmoles per liter. 

t Standard error of the difference. 

§ Final concentration, 5 mmoles per liter. 


proximately 3 weeks following bilateral adrenalectomy and were tested 
for the presence of functioning adrenal tissue 2 days before the experi- 
ment by a water tolerance test previously developed in this laboratory 
(15). However, adrenalectomy itself might mask the effect of the lower 
liver glycogen. Petersen and Lotspeich (16) showed that, while liver 
slices from adrenalectomized rats produced ketones at the same rate as 
liver slices from control rats, the adrenals were necessary to demonstrate 
the ketotic effect of growth hormone. 
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Since ketone production per 100 mg. of liver was low in the slices from 
fasted diabetic rats (Table IV) and it was thought possible that these 
animals might be in a semiterminal condition, experiments were made on 


TABLE IV 


Production of Ketone Bodies by Rat Liver Slices in Krebs-Phosphate-Buffered 
Medium, pH 7.4 to 7.6 


y per 100 mg. per hr. Mg. per 100 gm. of rat* per hr. 


(wet weight) 
24 hr. fast 
No substrate 
Control (10)T 90.0 + 6.1f 
14 hr. fast 
No substrate 
Control (10) 37.9 + 6.5 1.1 
Alloxan-diabetie (10) 41.3 + 5.5 2.0 
Depancreatized (2) 29, 29 
Plus butyrate, 10 mm 
Control (9) 312§ + 26 9.3 
Alloxan-diabetic (5) 218 + 22 10.7 
Non-fasting 
No substrate 
Alloxan-diabetic|| (8) 43.6 + 3.7 2.4 
Depancreatized (6) 59.6 + 4.2 3.0 
Plus butyrate, 10 mm 
Alloxan-diabetic§ (8) 181 + 15 10.3 
Depancreatized (6) 267 + 25 13.3 


* Calculated on the observed liver size (see Table V). 

t The figures in parentheses represent the number of rats. 

t Standard error. 

§ Ketone production over and above production without substrate. 
|| Alloxan versus depancreatized, P = <0.02. 

q Alloxan versus depancreatized, P = <0.01. 


liver slices from fed diabetic rats (Table III). The addition of either 
fumarate or oxalacetate itself to these preparations caused a decrease in 
ketone production. These decreases in ketone production were probably 
not caused by a conversion of substrate to glucose with a subsequent glucose 
effect because no significant change in the glucose concentration of the 
medium was observed. 
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These experiments seem to indicate that there is no block in the utiliza- 
tion of the various members of the citric acid cycle in the livers of alloxan- 
diabetic rats. However, all the experiments reported here were made in a 
Krebs-phosphate-buffered medium at pH 7.4 to 7.5, an environment that 
may be quite different from that of an acidotic diabetic rat liver in vivo. 


The Krebs medium is sufficiently buffered so that the drop in pH during 


TABLE V 


Comparison of Per Cent Dry Weight and Nitrogen, Liver Size, and Oxygen Uptake 
of Rat Liver Slices from Fed, Fasted Control, and Diabetic Rats 


Control Alloxan-diabetic*® Depancreatized* 
14 hr. fast 
Dry weight, %..| 30.2 + 0.2¢ (14)f | 30.6 + 0.3f (10)f 
,»%...........| 8.46 + 0.07 (11) 3.36 + 0.11 (8) 
Body weight, 
%§. ....| 2.9 + 0.01 (6) 4.9 +0.2 (7) 
Qo, 4. 1.80 + 0.03 (22) 1.90 + 0.05 (10) 
Non-fasting 
Dry weight, %..| 27.6 +0.3 (8) | 31.6 +0.5 (9)|| | 30.4 + 0.3 ()|| 
N, %.. 3.26 + 0.04 (8) 3.78 + 0.1 (8)** 3.56 + 0.1 (5) 
Body weight, % 4.1 +0.1 (10) 5.6 +0.3 (9)]| 5.1 + 0.3 (5)]| 
are 1.95 + 0.1 (9) 1.89 + 0.3 (5) 
* The average body weight of this diabetic series did not change from the pre- 


diabetic value during the period of diabetes. 

t Standard error. 

} The figures in parentheses represent the number of rats. 

§ Weight of liver in gm. per total body weight in gm. X 100. 

|| P for difference control versus diabetic, <0.01. 

{ Microliters per hour per mg. wet weight. 

** The dehydration in the livers of the fed alloxan-diabetic rats as compared to 
the fed controls was sufficient to account for the increase in per cent nitrogen. 


the experimental period was only 0.10 to 0.15 pH unit. Frohman and 
Orten (17) have demonstrated that increasing the pH of diabetic rats by 
administering large doses of bicarbonate orally or intraperitoneally corrects 
the block in acetate utilization present in the livers of alloxan-diabetic 
rats. Therefore we repeated our experiments at pH 7.0 in an effort to 
duplicate the more acidotic conditions present in vivo in the diabetic rat. 
The diabetic animals used in this experiment were depancreatized instead 
of alloxanized in an effort to eliminate any possible direct toxic effect of 
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alloxan on the liver that might alter ketone body production. In paired 
experiments (Table III) made on liver slices from the same rat, the addition 
of fumarate at pH 7.0 caused no change in ketone body production, 
although at pH 7.4 to 7.5 fumarate decreased ketone production. The 
O, uptake during the 15 minute control period was 0.16 ul. per mg. per hour 
less at pH 7.0 than at pH 7.5 (P <0.05 >0.025). There was no difference 
between the two series in the decrease in O2 consumption over the experi- 
mental period. This indicates that this pH was compatible with cellular 
respiration. We consider that our results are in agreement with those of 
Frohman and Orten (17) and indicate that the block in metabolism at 
the citric acid cycle in diabetic rat liver is pH-dependent, at least in part. 
We are currently investigating the effect of pH changes on citric acid cycle 
activity in muscle preparations from control and diabetic rats. 

Liver slices from our fasted diabetic rats produced approximately the 
same amount of ketone bodies per 100 mg. of liver as those from fasted 


control rats (Table IV). However, these diabetic rats fed ad libitum had } 


a “work” hypertrophy of the liver (Table V), and, when the average ketone 
body production per 100 gm. of rat was calculated on the basis of liver 
size for the two series, the 14 hour-fasted diabetic rats produced more 
ketones than the 14 hour-fasted controls (Table IV). It was thought that 
the low ketone body production of liver slices from fasted alloxan-diabetic 
rats might be explained on the basis of substrate lack. However, results 
from the addition of butyrate to the liver slices of alloxan-diabetic rats 
do not support this theory (Table IV). The data also indicate that ketone 
production by liver slices with and without butyrate is greater for fed 
pancreatectomized rats than for fed alloxan-diabetic animals (Table IV). 
This also seemed to be true for the output per 100 gm. of rat. However, 
no statistical analyses were made on the latter figures since they are cal- 
culated values. The temperature of our rat room usually increases 2-4° 
during the summer months. Cori and Cori (18) have shown that ketone 
body production is influenced by the season of the year, and this observation 
has been confirmed in our laboratory. Therefore, no comparisons can 
be made between ketone production in different groups of rats unless they 
are carefully paired. This was done in comparison of the fed alloxan- 
diabetic and depancreatized series. The difference in ketone production 
of the alloxan and depancreatized series might be explainable by means of 
either a toxic effect of alloxan on the liver or the presence of hyper- 
glycemic factor in the alloxan-diabetic rats (19, 20). 

The data on fed as well as fasted rats show a significant increase in the 
per cent of body weight represented by liver in diabetics as compared to 
controls. These diabetic rats had not been given insulin, and therefore 
the hypertrophy of the liver was different from that reported by Osborn 
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et al. (21) in fed alloxan-diabetic rats after insulin administration. The 
per cent body weight represented by liver was higher in our fed diabetic 
rats than in those of Osborn et al. However, their animals were males 
of the Long-Evans strain and ours were females of the Sprague-Dawley 
strain. 7 


SUMMARY 


1. Liver slices from fasted control rats show a decrease in ketone body 
production after the addition of succinate and fumarate, while slices from 
fasted diabetic rats show a drop in ketone production with fumarate but 
not with succinate (pH 7.4 to 7.5). 

2. Ketone body production by liver slices from fed diabetic rats is 
decreased by the addition of fumarate and oxalacetate at pH 7.5 to 7.4, 
but no change occurs in ketone production with the addition of fumarate 
at pH 7.0. 


We are grateful to Dr. Frank B. Queen of the Department of Pathology 
for the histological examinations. 
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THE SPECTRAL AND ENZYMATIC CHARACTERIZATION OF 
CYTOCHROME c, OF LIVER MITOCHON DRIA* 


By RONALD W. ESTABROOKT 


(From the Johnson Foundation for Medical Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, June 13, 1957) 


The presence of cytochrome c; as a part of the respiratory chain was 
first reported in 1940 by Yakushiji and Okunuki (1). They concluded 
from visual spectroscopic observations of heart muscle preparations that 
this hemoprotein mediates the reactions between cytochromes b and c, 
as well as between cytochromes b and a. The validity of Yakushiji and 
_ Okunuki’s work was questioned by Slater (2), who reported that cyto- 
- chrome c; is merely a mixture of cytochrome c and a denatured hemo- 
chromogen. Meanwhile, Keilin and Hartree (3) had developed a valuable 
+ technique for observing the absorption bands of hemoproteins when sam- 
ples of these pigments were cooled to the temperature of liquid air. They 
observed by this method, in a variety of different cell types, a pigment 
distinct from cytochromes c and b, which they called cytochrome e. Wid- 
mer et al. (4) have since reported a pigment with similar spectral proper- 
ties in a preparation of a succinate-cytochrome c reductase from heart 
muscle. Widmer et al. proposed that such a pigment, which they called 
“eytochrome 554,” functions enzymatically between cytochromes b and c. 
Keilin and Hartree (5) have extended their studies on cytochrome e and 
concluded that it is identical to the cytochrome c, first observed by Ya- 
kushiji and Okunuki (1) and thus to that of Widmer et al. (4), ““cytochrome 
004.”” Recently Ball and Cooper (6) have published a paper dealing with 
observations on the function of cytochromes c and c;. Although they did 
not make direct measurements on the oxidation and reduction of cyto- 
chrome c,, they were able to conclude that cytochrome c,; cannot function 
in the place of cytochrome c in the respiratory chain. They also suggested 
that if cytochrome c; is concerned in electron transport it works in series 
with cytochrome c rather than in parallel. 

The suggestion (1, 4-6) that cytochrome c, (or cytochrome 554) may 


* A preliminary report of this investigation was presented before the American 
Society of Biological Chemists at its Forty-sixth annual meeting at San Francisco, 
April 11-15, 1955 (Federation Proc., 14, 45 (1955)). 
coe work was supported in part by a grant from the United States Public Health 

rvice. 

t On leave of absence (1958) at Molteno Institute, Cambridge University, Cam- 
bridge, England. 
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mediate the transfer of electrons from cytochrome b to cytochrome c may 
be schematically represented as follows: 
| 
Substrate — fp b ~c O2 

The following points, however, indicated that it would be desirable to 
investigate in detail the role of cytochrome c, in electron transport: (a) 
the proposed different loci of inhibition (4, 5) by using the inhibitors anti- 
mycin A and SN5949; (b) the report (1) that cytochrome c, can react 
directly with cytochrome a; (c) the experimental evidence (7) that cyto- 
chrome b does not participate in the main pathway of electron transport 
in Keilin and Hartree heart muscle preparations but does function in sys- 
tems in which phosphorylation occurs concomitant with oxidation (8); and 
(d) the statements (9, 10) that cytochrome c may not be involved in DPNH! 
oxidation. 

During the course of experiments designed to determine the factors in- 
fluencing electron transport in phosphorylating liver mitochondria (8), it 
was observed that saline washing of mitochondria, after treatment with 
water, revealed the presence of a respiratory pigment with an a absorption 
band maximum at 554 mu. The work reported here describes the results 
of a series of spectrophotometric studies of an enzymatically active cyto- 
chrome c; associated with these non-phosphorylating particles derived from 
liver mitochondria. In addition to the spectral studies, the present paper 
discusses the relative content of cytochrome c, to that of cytochrome c in 
guinea pig liver mitochondria. 


Preparations and Materials 


Mitochondria were prepared from guinea pig livers in 0.25 mM sucrose by 
the method of Schneider (11). This method provides mitochondria (Mw) 
which show a requirement for a phosphate acceptor (ADP) in order to 
obtain maximal respiration in the presence of various metabolic sub- 
strates (8). 

The mitochondria (Mw) which result from 10 to 12 gm. wet weight of 
guinea pig liver were disrupted (lysed) by suspension in 40 ml. of cold, 
glass-distilled water. After remaining at 4° for 2 hours, these water-treated 
mitochondria (L) were centrifuged at 8500 r.p.m. for 30 minutes in a re- 
frigerated Servall angle centrifuge. The yellow supernatant fluid (Ls) 
was decanted and the precipitate (Lp) was then suspended in 40 ml. of a 
0.85 per cent NaCl solution. This material was centrifuged for 10 min- 
utes at 8500 r.p.m. The supernatant fluid (Ss), which contained cyto- 


1 The following abbreviations have been used in this paper: DPNH = reduced di- 
phosphopyridine nucleotide; BAL = British antilewisite; 2,3-dimercaptopropanol; 
SN5949 = 2-hydroxy-3(2-methyloctyl)-1,4-naphthoquinone; ADP, adenosine diphos- 
phate. 
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chrome c (12), was decanted and the precipitate (Sp) washed again with 
isotonic saline. The final saline-washed particles (SWp) were suspended 
in 0.1 M phosphate buffer of pH 7.4 or in an isotonic medium? so that 1 ml. 
of the suspension represented the material from 5 gm. of wet weight of 
liver. 

Cytochrome c and reduced diphosphopyridine nucleotide (DPNH, 90 
per cent pure) were obtained from the Sigma Chemical Company. The 
cytochrome c was further purified by chromatography on the ion exchange 
resin Amberlite IRC-50 according to the method of Margoliash (13). 


Methods 


Oxygen uptake was determined polarographically with a silver wire and 
platinum electrode couple polarized at —600 mv. This method is similar 
to that employed by Chance (14) with the difference that Chance uses a 
vibrating platinum electrode while in these experiments the electrode re- 
mains stationary and the reaction vessel is rotated at 60 r.p.m.* 

Spectrophotometric recordings were obtained either with the wave length 
scanning recording spectrophotometer described by Chance and his co- 
workers (14-17) or with the sensitive double beam monochromator tech- 
nique developed by Chance (14). Recordings of samples cooled to the 
temperature of liquid air were obtained by the technique previously de- 
scribed (18). The oxidation or reduction of cytochrome c, was deter- 
mined by measuring the change in optical density at 554 my, with 540 mu 
as a reference wave length. In a similar way, cytochromes b and a were 
measured at the wave lengths 562 or 564 my minus 575 my and 605 mu 
minus 625 my, respectively. 


Results 


Difference Spectra at Room Temperature—Chance and Williams (8, 19) 
have determined difference spectra for those pigments enzymatically re- 
ducible in liver mitochondria. They observed the large absorption bands 
at 605 and 444 my which represent the contributions of cytochromes 
a+ a3. An asymmetrical band with an absorption maximum at about 
551 my was ascribed to a composite of the a-bands of reduced cytochromes 
cand b, cytochrome b being represented simply by a shoulder at about 562 
mu. The presence of any additional cytochrome, such as c;, could not be 


2 The isotonic medium contained 0.026 m Nat, 0.099 m Kt, 0.006 m Mg*t, 0.108 m 
Cl-, 0.013 m HPO,”, and 0.003 m H2PO,. 

>This modification was developed by Dr. G. R. Williams. 

‘The convention adapted for designating the wave lengths employed during an 
experiment is that the wave length mentioned first is that of a maximum of an ab- 
sorption band, while the second wave length represents a minimum or isosbestic ref- 
erence point. 
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readily ascertained because of the superimposition of the absorption bands 
of cytochromes c and b. 

Treatment of the mitochondria with water, followed by washing with 
isotonic saline, removed the cytochrome c, thus revealing the presence of 
the pigment, cytochrome c;. The reduced minus oxidized difference spec- 
trum (Fig. 1, solid line) of the resuspended particles (SWp) shows not only 
the absorption bands of cytochromes a + a; and b, but also the pigment 
with an @ absorption band maximum at about 554 my. This hemoprotein 


C+c 
(a+0,) 


+ 


Optical Density Increment (em!) 


-0.03 
500 540 580 620 
A (mp) 

Fic. 1. The reduced minus oxidized difference spectrum of SWp particles with 
and without added cytochrome c. Both the sample and the reference cuvette con- 
tained 1.0 ml. of SW particles (10 mg. of protein) and 1.0 ml. of 0.1 mM phosphate 
buffer, pH 7.4; 0.02 ml. of 1 m sodium succinate solution, and 0.02 ml. of 1 m KCN 
solution were added to the sample cuvette to reduce the pigments shown in the solid 
line curve; 0.012 ml. of a 2 X 10-‘ m solution of cytochrome c was then added to the 
sample cuvette (dashed curve). Optical depth of cuvettes, 10 mm.; effective band 


width, 1.5 my; temperature, 23°. 


is considered to be the same as the pigment cytochrome c, or e described 
by Keilin and Hartree (5) and “cytochrome 554” reported by Widmer 
et al. (4). When a small amount of cytochrome c is added to the SWp 
preparation, the reduced minus oxidized difference spectrum (Fig. 1, 
dashed curve) is much like that seen with the “‘intact’’ mitochondria (8). 
It can be seen from Fig. 1 that cytochrome c, has a- and 6-bands at about 
554 and 523 muy, respectively, while the bands with maxima at about 551 
and 521 my, previously attributed to cytochrome c, are composites of the 
bands of these two hemoproteins. The summation of the absorption bands 
of cytochromes c and c, has been described in detail by Keilin and Har- 


tree (5). 
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Other spectrophotometric experiments have shown that cytochrome c, 


is reduced by ascorbic acid (5) or cysteine (20) but is not reduced by so- 


-+.05 


500 540 580 620 

Wavelength (my) 

Fig. 2. Reduction of cytochrome c,; by ascorbic acid. The reduced minus oxidized 
difference spectrum was obtained by placing 1.0 ml. of SW particles and 1.0 ml. of 
0.1 m phosphate buffer, pH 7.4, in two cuvettes. A few crystals of solid ascorbic acid 
and 0.02 ml. of a 1 M KCN solution were then added to the sample cuvette to reduce 

the pigments. Other conditions were as those in Fig. 1. 

Fic. 2. A, the spectral distinction between cytochrome c and cytochrome ¢;. 
Two cuvettes, each containing 1.0 ml. of SWp particles and 1.0 ml. of 0.1 m phos- 
phate buffer, pH 7.4, were employed; 0.01 ml. of 0.01 m potassium ferricyanide solu- 
tion and 0.01 ml. of a 1.5 M potassium cyanide solution were added to both cuvettes. 
Curve A represents the base-line of equal light absorption by both cuvettes. Toone 
cuvette were added a few crystals of ascorbic acid to give the difference spectrum of 
cytochrome ¢:, as represented in Curve B. To this cuvette was then added 0.01 ml. 
of a 1.3 X 10-4 m solution of cytochrome c. The resulting spectrum, Curve D, repre- 
sents the sum of absorption of the a-bands of cytochromesc andc;. A few crystals of 
ascorbic acid were then added to the other cuvette (reference) which did not contain 
any cytochrome c so that cytochrome c; was reduced. The resulting difference spec- 
trum, Curve C, therefore represents the spectrum of the exogenous cytochrome c 


added to the sample cuvette. Other conditions were as for Fig. 1. 


dium succinate in the presence of antimycin A (5). The reduced minus 


oxidized difference spectrum of the ascorbic acid-reduced cytochromes is 
shown in Fig. 2. The maximum at 605 my represents the absorption band 
of cytochrome a + a3, while that at 554 my is the band of reduced cyto- 
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chrome c;. Cytochrome b is not reduced by ascorbic acid under these 
conditions. 

Fig. 2, A illustrates the spectra of cytochrome c,, reduced by ascorbic 
acid, in both the presence and the absence of cytochrome c. These spectra 
clearly show the 4 to 5 my difference in the location of the a absorption 
band maxima between cytochromes c and c;. The spectra also show that 
mixtures of the two bands blend into a single absorption band with a max- 
imum at about 552 my. This, as Keilin and Hartree have discussed (5), 
explains in part the failure of others to observe the presence of cyto- 
chrome c;. The fact that cytochrome c, is reduced by ascorbic acid while 
cytochrome b is not indicates an oxidation-reduction potential for cyto- 
chrome c; more positive than that of cytochrome b (5, 19). 

Low Temperature Spectra—The a- and 6-bands of reduced cytochromes 
sharpen and intensify when samples of these pigments are cooled in liquid 
air (3, 18, 21). With use of a recording spectrophotometric technique, 
small amounts of samples can be cooled to the temperature of liquid air 
and the spectra of the pigments present in the samples recorded while the 
material is at about —190°. The spectral properties of the pigments pres- 
ent in SWp particles and mitochondria (Mw) were investigated by the 
low temperature technique in order to resolve the a absorption bands of 
reduced cytochromes c, c,, and b. Typical results are presented in Fig. 3. 
Curve A shows the spectrum obtained when the pigments of the SWp prep- 
aration are reduced with sodium succinate in the presence of the inhibitor, 
potassium cyanide. The resulting spectrum represents a difference spec- 
trum of the light absorbed by the enzyme preparation diluted in glycerol 
minus the light absorbed by a reference cell containing a mixture of glyc- 
erol and buffer (z.e., no enzyme is present in the reference cuvette). Such 
spectra have been termed “apparent absolute absorption spectra’”’ (21). 
A sample of reduced, purified cytochrome c, treated in a similar manner, 
has its main @ absorption band at 548.5 my (18).° 

When cytochrome c was added to the SWp preparation and the spectrum 
recorded of the reduced pigments cooled in liquid air, the resolution of the 
absorption band maxima of cytochromes c, c;, and b was seen. Such a 
spectrum is shown in Fig. 3, Curve B, and should be compared with the 
room temperature spectrum in Fig. 1. In a similar way, it has been possi- 
ble to resolve the maxima of cytochromes c and c; when the pigments were 
reduced with ascorbic acid (cf. Fig. 2). The low temperature spectrum of 
the reduced hemoproteins of “‘intact’’ mitochondria show spectral maxima 
identical with those presented in Fig. 3, Curve B. The low temperature 


5 Repeated experiments have shown that these absorption bands can be located 
to an accuracy of +0.3 mu. 
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technique is the only satisfactory method of spectroscopically differenti- 
ating between these cytochromes. Indeed, it was found necessary to assess 
the extent of removal of cytochrome c from the mitochondrial fragments 


BSOR 
= 0,020 


490 520 550 580 610 
WAVELENGTH (my) 

Fig. 3. The low temperature spectra of SWp particles with and without added 
cytochrome c. The sample cuvette contained a mixture consisting of 0.2 ml. of 
SWp preparation, 0.2 ml. of 0.1 m phosphate buffer, pH 7.4, 0.02 ml. of 1 mM sodium 
succinate, 0.02 ml. of 1 M potassium cyanide, and 0.45 ml. of glycerol. The absorp- 
tion spectrum obtained when the sample is cooled in liquid air is shown in Curve A. 
The spectrum of a similar sample to which 0.01 ml. of a 3 X 10-° Mm solution of cyto- 
chrome c was added is shown in Curve B. The reference cuvette contained a mix- 
ture of equal volumes of glycerol and 0.1 mM phosphate buffer, pH 7.4. The dashed 
line represents the estimated increase in difference in optical density due to the non- 
specific absorption resulting from the unequal turbidity of the material in the sam- 
ple and reference cuvettes. Optical depth of cuvettes, 1 mm.; effective band width, 
0.6 mu.; temperature, — 190°. 


by the low temperature spectrophotometric technique before attempting 
any experiments designed to ascribe an enzymatic function to cyto- 
chrome 

Concentration of Cytochrome c, in Mitochondria—The concentration of 
cytochrome c, in liver mitochondria was estimated by assuming that the 
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molar extinction coefficient® of the a absorption band of cytochrome ¢;, is 
identical with that of cytochrome c. All of the other extinction coefficients 
employed are the same as those used by Chance (7). Since a large amount 
of protein remained in the supernatant fluid during the preparation of the 
SWp particles, it was necessary to choose a reference material which, it is 
assumed, remains with the particulate fraction. Cytochrome a + a;, as 
determined by the absorption at 605 my, was chosen as such a reference. 
The recovery of these cytochrome pigments is summarized in Table I, 
from which it may be seen that about 85 per cent of the pigment absorbing 


TaBLeE 
Recovery and Distribution of Cytochrome Pigments 
Total optical density units* 
Preparation 
Cytochrome a Cytochrome ¢ + ¢1 

SW supernatant... .... 1.28f 


* The total optical density units were obtained by multiplying the optical density 
difference between the maximum and a corresponding minimum of the absorption 
band of a cytochrome times the total volume of the sample represented. The op- 
tical density difference for reduced cytochrome a was determined by subtracting 
the optical density at 625 my from that at 605 my. In a similar way, the concentra- 
tions of cytochromes c and c; were determined by subtracting the optical density 
reading of the minimum at about 540 mu from the maximum at 550 to 554 mz. Cor- 
rections for volume losses due to samples removed for spectrophotometric assay have 
been applied. 

Tt Represents only cytochrome c. 

t Represents only cytochrome ¢c;. 


at 605 my (cytochrome a + az), originally present in intact mitochondria, 
can be accounted for in the SWp preparation. Of the material with ab- 
sorption maxima around 550 muy, the recovery experiment shows that 55 
per cent is found in the saline washings (this fraction represents cyto- 
chrome c) while between 30 and 35 per cent of the original absorption at 


¢ Chance (14) has discussed the estimation of extinction coefficients for the various 
cytochromes. Studies with purified cytochrome c and the carbon monoxide dissoci- 
ation spectrum of cytochrome a; have permitted an accurate determination of their 
extinction coefficients. The similarity, spectrally, of cytochrome b to the diph- 
therial toxin pigment and cytochrome a to verdoperoxidase was the means of esti- 
mating the extinction coefficients of these cytochromes. Because of a lack of better 
data, similar reasoning has been applied in assuming the extinction coefficient of 
cytochrome c; to be the same as cytochrome c. 
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about 550 my is recovered as cytochrome c, in the SW particles. Thus, if 
the above assumptions concerning extinction coefficients are correct, the 
absorption band at about 551 my of intact mitochondria (Mw), which 
previously had been attributed to cytochrome c alone, is actually a com- 
posite, about two-thirds of which is due to cytochrome c and about one- 
third to cytochrome 
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Fic. 4. Polarographic measurements of the rate of oxygen uptake by saline-washed 
particles. A, the rate of oxygen uptake when sodium succinate is employed as sub- 
strate and the influence of exogenous cytochrome c upon this reaction. B, the influ- 
ence of exogenous cytochrome c on the rate of oxygen uptake when DPNH is used as 
substrate. The oxygen electrode was first equilibrated with isotonic buffer, after 
which SWp, substrate, and cytochrome c were added as indicated. The temperature 
of the reaction medium was 23°. 


Oxygen Uptake—When either DPNH or succinate is added to SWp par- 
ticles, there is a very slow rate of oxygen uptake, unless cytochrome c is 
added to the system. As shown in Fig. 4, A and B, the addition of cyto- 
chrome c can cause as much as a 30-fold increase in the rate of oxygen 
utilization. This rate of oxygen uptake is dependent upon the concentra- 
tion of exogenous cytochrome c, the enzyme concentration, and the sub- 
strate employed. The concentration of cytochrome c necessary to give 
half maximal velocity of oxygen utilization, when succinate is employed as 
substrate, is about 1.5 XK 10-* mole per liter. It is evident from the data 
presented in Fig. 4 that the system not only has a high affinity for cyto- 
chrome c but also requires cytochrome c as a constituent of the electron 
transport system in order that such a system may mediate the reaction 
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between oxygen and substrate. One must conclude from these experi- 
ments, as well as those presented by Ball and Cooper (6), that cyto- 
chrome c participates in the oxidation of both succinate and DPNH (¢. 
Chance and Williams (8) and Green et al. (9, 10)). A more detailed study 
of the role of cytochrome c in electron transport will be discussed in a fu- 
ture communication. 

Reduction of Cytochromes b and c;—In an attempt to ascribe an enzymatic 
function to cytochrome c,, spectrophotometric studies on the rates of re- 


(B) 


(A) ImM 


Succinate 


Optical 


Succinate Density 
=0.0096 
Optical 
Density 
=0.0096 


Fig. 5. The reduction of cytochromes b and ¢,. The sample cuvette contained 
1.0 ml. of SWp diluted with 1.0 ml. of 0.1 Mm phosphate buffer, pH 7.4. The reaction 
was initiated by the addition of 0.02 ml. of 0.1 Mm sodium succinate. The reduction 
of cytochrome b (Curve A) was determined by measuring the increase in optical 
density at 562 my with 575 my as a reference wave length. In a similar manner, the 
reduction of cytochrome c; (Curve B) was determined at 554 my with 540 my as a 
reference wave length. Photographic recordings were obtained with a Hathaway 
oscillograph recorder. The temperature of the reaction mixture was maintained at 
5°. An upward deflection indicates a reduction of the pigment. 


duction and oxidation of the pigments of the SWp particles were carried 
out. Fig. 5 shows that both cytochromes c; and b are reduced upon the 
addition of sodium succinate. Similar results are obtained when DPNH 
is employed as substrate. Since cytochrome c was not added in these ex- 
periments, one may envision the electron transport chain as being divided 
into a reductase and an oxidase (the pigments of the latter are not reduced 
by substrate under these conditions whereby cytochrome c has not been 
added to the system). Thus, one must conclude that, if cytochrome ¢ 
is a part of the respiratory chain, it is a part of the reductase and therefore 
is reacting between substrate dehydrogenase and cytochrome c. Fig. 5 
also illustrates the more rapid reduction of cytochrome c, than cyto- 
chrome b; indeed, a comparison of the slopes for the initial rates of reduc- 
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tion shows that cytochrome b is reduced only 10 to 15 per cent as fast as 
cytochrome c, (22). These differences in ‘the rates of reduction of cyto- 
chromes b and c, afford a method of kinetically distinguishing between 
these two cytochromes. By investigating the rate of change of optical 
density at a variety of wave lengths near the a absorption bands of these 
pigments, in this case with succinate as substrate, it is possible to construct 
the spectrum shown in Fig. 6, which shows a plot of the extent of increase 
in optical density contributed by the fast reduction of cytochrome c, and 
the slower reduction of cytochrome b. These results confirm on a kinetic 
basis the assignment of 554 my as the a absorption band maximum for 
reduced cytochrome 

Inhibition by Antimycin A and SN5949—Experiments in which the wave 
length scanning recording spectrophotometer was employed indicated that 
antimycin A inhibits the reduction of cytochrome c,;. This was confirmed 
by measuring the reduction of cytochromes c, and b with the dual mono- 
chromator apparatus. The presence of antimycin A causes a marked de- 
crease in the rate of reduction of cytochrome c, and a concomitant in- 
crease’ in the rate of reduction of cytochrome 6b (22). The influence of 
antimycin A on the extent of reduction of cytochrome c, can be shown in 
a second way (Fig. 7) by measuring the change in steady state reduction 
of the pigment in the presence of the inhibitor. If cytochrome ¢, is re- 
duced with succinate and then antimycin A is added, there is no change 
in the extent of reduction of cytochrome c;. The addition of a small 
amount of cytochrome c to such an inhibited system, however, causes an 
immediate and rapid oxidation of cytochrome c,._ Under such conditions 
the addition of a small amount of cytochrome c does not cause an oxida- 
tion of cytochrome b. Such experiments show that cytochrome c; is 
functioning between the antimycin A-sensitive portion of the respiratory 
chain and cytochrome c (2.e. antimycin apparently influences the velocity 
of reduction but not that of oxidation of cytochrome c,). Similar experi- 
ments have been carried out with DPNH and essentially the same results 
were obtained as with succinate. 

Widmer et al. (4) have reported that cytochrome c, is reduced by suc- 
cinate in the presence of the inhibitor SN5949, although the reduction of 
cytochrome c is blocked by the same inhibitor. From these observations 
they have concluded that the inhibitor SN5949 acts between cytochromes 
¢,andc. Experiments similar to those described above have been carried 
out with SN5949 as inhibitor. Results similar to that presented in Fig. 7 
have been obtained, indicating that the site of inhibition by these two 
chemicals (7.e. antimycin A and SN5949) is the same. However, when 
one determines the influence of SN5949 on the rate of reduction of cyto- 


7 Chance, B., in press. 
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chrome ¢;, it is observed (Fig. 8) that the initial rate of reduction is not 
greatly influenced by the inhibitor and that the pigment is slowly reox. 
idized after a rapid phase of reduction. Such a reaction curve (Fig. 8) 
may be interpreted to mean that the SN5949 exerts its greatest influence 


T 
lO¥Antimycin A 
/ 0.D.= ‘ 
S 0.0043 | = — 104mm 
| =“, Cytochrome C 
: — cl 
= 
5mM Succinate of 
WAVELENGTH mp 60 sec 
Fic. 7 


Fic. 6 

Fic. 6. The kinetic distinction of cytochromes c; and b. Experiments similar to 
those presented in Fig. 5 were carried out at a variety of wave lengths with 540 mz 
as a reference wave length. Examination of the resulting records permitted a reso- 
lution of a rapid phase of reduction from a slower rate. The extent of reduction at 
each of the two rates is plotted as a function of wave length. The closed circle 
curve represents the increase in optical density at the rapid rate while the open cir- 
cle curve is the slower rate of reduction. Conditions of the experiments are similar 
to those described for Fig. 5. 
Fig. 7. The oxidation of cytochrome c,. The sample cuvette contained 0.4 ml. of 
SWp diluted with 1.6 ml. of 0.1 m phosphate buffer, pH 7.4. Cytochrome c; was re- 
duced by the addition of 0.01 ml. of a 0.1 m sodium succinate solution, followed by the 
addition of 0.02 ml. of a solution of antimycin A (0.5 mg. per ml.) and 0.01 ml. of 8 
2 X 10-' m solution of cytochrome c. The changes in optical density at 554 my with 
540 my as a reference wave length were determined in the dual monochromator ap- 
paratus. An upward deflection indicates an increase in optical density at 554 mp ml 
and thus a reduction of cytochrome c;. The temperature of the reaction cuvette po 


was maintained at 2°. 
Ha 


on the electron transport chain only after some component between de- 
hydrogenase and cytochrome c, is reduced. The mechanism of inhibition 
and the factors which influence the degree of inhibition by SN5949 are} _ 
currently under investigation. sit 
Reaction with Cytochromes a and as—When one follows the optical den- | 4. 
sity changes at 605 my (a wave length designated as the a absorption band | ‘°Y 
maximum of cytochrome a + a;), the addition of substrate causes little | é 


not 
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or no reduction of these pigments. As shown in Fig. 9, the subsequent 
addition of potassium cyanide causes a very slow increase in optical den- 


OPTICAL 

DENSITY 

20.01 


BUFFER 
——— = SUCCINATE 


SN5949 


Fig. 8. Influence of SN5949 on the reduction of cytochrome c,. The reaction 
cuvette contained 0.4 ml. of SWp and 1.6 ml. of 0.1 m phosphate buffer, pH 7.4; 0.02 
ml. of SN5949 (0.5 mg. per ml.) was added, followed by 0.02 ml. of a 1.0 m solution 
of sodium succinate. An increase in optical density (an upward deflection on the 
trace) was measured at 554 my with 540 my as a reference wave length. Temperature 
of the reaction medium was maintained at 3°. 


Optical 
Density 
=0.0096 


6.9x10° M Cytochrome C 


3mM 
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Fic. 9. The reduction of cytochromes a + a3. The sample cuvette contained 0.5 
ml. of SWp diluted with 1.5 ml. of 0.1 m phosphate buffer, pH 7.4. Sodium succinate, 
potassium cyanide, and cytochrome c are added as indicated. The increase in op- 
tical density at 605 my with 625 my as a reference wave length was recorded with a 
Hathaway oscillograph recorder. An upward deflection indicates an increase in op- 
tical density at 605 mp. The temperature of the reaction cuvette was maintained 
at 3°, 


sity, indicative of a slow reduction of these pigments. The addition of 
a small amount of cytochrome c, however, causes a rapid reduction of 
cytochrome a + a3. Such an experiment would indicate, if cytochrome c,; 
were reacting with cytochrome a, that this is indeed a very slow reaction. 
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The rapidity of the reduction of cytochrome a + az; in the presence of Fj 
cytochrome c is certainly definitive evidence of the role of cytochromec fe : 
in transferring electrons from cytochrome c; to cytochrome a. c 


DISCUSSION 


I 
The presence of the respiratory pigment, cytochrome c;, has been shown fs 
in particles derived from liver mitochondria. The experiments presented Ff | 
here indicate that this pigment may function in the transfer of electrons | § 
from succinic dehydrogenase or DPNH dehydrogenase to cytochrome ¢, fc 
This may be schematically represented as shown in Fig. 10. A few com. ¢ ¢ 
ments on this scheme are appropriate. First, the function of cytochrome [| r 
b in such a system is questionable. In non-phosphorylating preparations, 


Succinate 


Cyt. Cyt. c,—+Cyt.c Cyt.a—Cyt. 5 


— 

DPNH—~>Fp 
Antimycin A 
SN 5949 

Fig. 10. Schematic representation of cytochrome interaction in saline-washed 
particles. 
C 


it is reduced enzymatically but at a rate much slower than that of cyto | m 
chrome c;. It has previously been proposed (7, 22) that under such a 
situation an alternative pathway from flavoprotein to cytochrome c,; needs fg 
to be considered. Recently, Chance and Williams (8) observed that in fra 
phosphorylating mitochondria cytochrome b did not lag in reduction and 
they have proposed that the role of cytochrome b in electron transport is} ¢; 
dependent upon the ability of the system to carry out oxidative phosphoryl- fi 
ation. Secondly, the site of sensitivity of the system to antimycin A and f th 
SN5949 appears between cytochrome c, and cytochrome b or flavoprotein. | _ be 
This is at variance with the interpretation of the results reported by Wid- [sp 
mer et al. (4), who concluded that SN5949 inhibits between cytochromes fc 
c,andc. Thirdly, Yakushiji and Okunuki (1) indicated from their studies 
that cytochrome c, could react directly with cytochrome a. Similar experi- | at 
ments reported here concerning the dependency of the system upon cyto fre 
chrome c for oxygen uptake as well as the reduction of cytochrome a + 4@& 
indicate that cytochrome c, does not react rapidly with the oxidase portion 
of the system unless the reaction is mediated by cytochrome c. Lastly, | of 
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it is proper to question the relationship of cytochrome c, to Slater’s (23) 
“BAL-sensitive factor.’”’ The position of cytochrome c, in the respiratory 
chain makes it an ideal candidate for this factor. The definition of the 
“BAL-sensitive factor,” as indicated by Slater, implies that it is a hemo- 
protein which is destroyed by BAL, and which functions between sub- 
strate dehydrogenase and cytochrome c. Although experiments have not 
been carried out with BAL, similar experiments with antimycin A and 
SN5949 indicate that these inhibitors affect the reduction of cytochrome 
¢;. Thus, according to the scheme proposed above, the labile reaction 
could be either the reduction of cytochrome c, or the oxidation of the car- 
rier directly preceding cytochrome c, on the substrate side. 


SUMMARY 


1. The spectral properties of the respiratory pigment, cytochrome ¢, 
have been determined with the use of particles derived from water-treated, 
saline-washed guinea pig liver mitochondria. The maxima of reduced 
cytochrome c,, as determined by difference spectra, are located at 554, 
523, and 419 mu. The resolution of the a absorption band of cytochrome 
¢: from that of cytochrome c has been demonstrated by the low temperature 
spectrophotometric technique. | 

2. A comparison of the optical density changes in mitochondria with the 
changes observed with saline-washed particles derived from mitochondria 
has shown that the concentration of cytochrome c, is about two-thirds that 
of cytochrome c. 

3. Oxygen uptake experiments have shown the dependency for cyto- 
chrome c in the oxidation of both succinate and reduced diphosphopyridine 
nucleotide by saline-washed particles prepared from liver mitochondria. 

4. Spectrophotometric studies disclose a method of kinetically distin- 
guishing between cytochromes b and c;, cytochrome b being reduced at a 
rate 10 to 15 per cent that of cytochrome ¢,. 

5. Other spectrophotometric experiments have shown that cytochrome 
¢; is not reduced by sodium succinate in the presence of antimycin A but 
is reduced by ascorbic acid in the presence of cyanide. The influence of 
the inhibitor antimycin A on the extent of reduction of cytochrome c, has 
been demonstrated, showing that the position of cytochrome c, in the re- 
spiratory chain is between the antimycin-sensitive reaction and cytochrome 
c. Similar studies with SN5949 have been described. 

6. The failure to obtain a rapid reduction of cytochrome a + a; in the 
absence of cytochrome c shows that cytochrome c, does not mediate the 
reaction between dehydrogenase and cytochrome a. 


The author is grateful to Dr. Britton Chance for the advice and guidance 
offered during the course of this work and the preparation of the manuscript. 
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STUDIES ON CARBOHYDRATE METABOLISM 
IN RAT LIVER SLICES 


XI. EFFECT OF PROLONGED INSULIN ADMINISTRATION 
TO THE ALLOXAN-DIABETIC ANIMAL* 


By ROBERT G. SPIROf anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, August 2, 1957) 


The metabolism of the liver slice and isolated diaphragm of alloxan- 
diabetic rats has been intensively studied in this and other laboratories 
(1-10). In these studies it has been generally assumed that the alloxan- 
diabetic animal is basically in an insulin-deficient state and that the 
metabolic alterations observed are the direct or indirect result of a lack 
of this hormone. It is the purpose of this communication to examine the 
validity of these assumptions by determining whether the tissues of this 
type of diabetic animal are restored to normal metabolic function by the 
administration of insulin alone. A return to normal would exclude the 
possibility that the observed tissue derangements are due to a significant 
toxic action of alloxan on other processes than insulin production. 

Several studies have clearly shown that the administration of insulin 
to the diabetic animal can bring about a reversal of the metabolic abnor- 
malities of liver slice and diaphragm (3, 11-15). Generally these experi- 
ments involved the use of relatively large insulin doses and were oriented 
towards the demonstration of an insulin effect rather than a close approxi- 
mation of the normal metabolic state. The functions studied were gener- 
ally found to be exaggerated above the normal. Osborn, Felts, and 
Chaikoff (15), moreover, observed a pronounced hypertrophy of the dia- 
betic liver following insulin administration, which was still evident after 8 
days of such treatment. 

The data presented in this paper confirm the marked hypertrophy in 
both size and function which the alloxan-diabetic liver undergoes following 
the initiation of insulin administration. However, it is shown that, by 
continuing insulin administration in small doses for a period of 2 weeks, 
the metabolism of the liver, as well as that of the diaphragm and the intact 
animal, is restored to normal in all functions studied. The suitability 


* This work was supported in part by the United States Atomic Energy Com- 
mission and the Eugene Higgins Trust through Harvard University. 
t Aided by a postdoctoral fellowship grant from the American Cancer Society. 
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of the tissues of the alloxan-diabetic rat for the study of the hypoinsulin 
state is evaluated in the light of these findings. 


Materials and Methods 


Animals—Male albino rats of the Wistar strain weighing between 200 
and 350 gm. were used. All animals were fed Purina laboratory chow ad 
libitum up to the time of death. Diabetes was produced by the intra- 
venous injection of alloxan monohydrate (37 to 40 mg. per kilo) after a 24 
hour fast. The animals were used for insulin administration or as un- 
treated controls between 2 and 4 weeks after alloxan injection and only 
if their blood glucose was greater than 300 mg. per cent. 

Insulin Administration—Clinical protamine zinc insulin (PZI) and 
crystalline insulin (Lilly) were used. Insulin was injected subcutaneously 
into each animal once every 24 hours. Dosage was regulated in such a 
manner that the animal’s daily urine glucose, food intake, and weight gain, 
as well as randomly taken blood sugars, fell into the ranges determined on 
a normal group. It was found necessary to administer rather large doses 
of insulin during the 1st days of treatment in order to achieve a controlled 
state, but these could usually be reduced by the 3rd day to a low daily 
maintenance dose. The schedule of insulin dosage was as follows: Ist day, 
6 units of PZI plus 4 units of crystalline insulin per 100 gm. of body weight; 
2nd day, 3 to 5 units of PZI per 100 gm.; 3rd day, 1 to 2 units of PZI per 
100 gm.; subsequent daily maintenance dose for a total period of at least 
2 weeks, 0.8 to 1.2 units of PZI per 100 gm. Each animal’s dosage was 
determined so as to give the minimal amount of insulin compatible with 
meeting the criteria of control. In this manner the creation of a hyper- 
insulin state was avoided. 

Medium and Substrates—Liver slices, about 1 gm. per flask, were incu- 
bated for 90 minutes in 12 ml. of a high potassium medium at 37.8°. The 
ionic composition of the medium was K = 110, Mg = 20, Ca = 10, 
HCO; = 40, and Cl = 130 mmoles per liter. The solutions were equili- 
brated with 5 per cent CO.-95 per cent Os, giving a pH in the presence of 
liver slices varying between pH 7.4 and 7.5. Glucose-U-C™ (uniformly 
labeled glucose) and fructose-U-C" were used as labeled substrates. Both 
substrates were present in a concentration of 15 mmoles per liter each, in 
paired flasks. Only one of the two substrates was labeled with C" in 
any one flask, as previously described (2). 

Whole diaphragms were incubated in 4 ml. of Ringer-bicarbonate 
buffer containing Na = 146, K = 5, Ca = 1, Mg = 0.5, Cl = 114, and 
HCO; = 40 mmoles per liter with 10 mmoles per liter of glucose as sub- 
strate. They were equilibrated with 5 per cent CO.-95 per cent Oz and 
incubated with shaking (75 cycles per minute) for 90 minutes at 37.8°. 

Methods—Except where noted, the techniques of slicing, incubation, 
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and chemical analyses were similar to those previously reported (16). 
Fructose was determined by the Higashi and Peters modification of the 
method of Roe (17). All glucose determinations were carried out by the 
Nelson-Somogyi method (18, 19). In the presence of fructose, glucose was 
determined by subtracting the amount of fructose present from the total 
reducing sugar value. Fatty acids were isolated in a manner similar to 
that described previously (3) from the alcoholic KOH supernatant fluid 
from the glycogen precipitation procedure (20). Prior to incubation, a 
sample of each liver was analyzed for glycogen and fatty acids. 

Liver glucose-6-phosphatase activity was determined in homogenates 
by the phosphate release method previously described (5). Phosphorus 
released during the 30 minute incubation at 30° was measured and expressed 
as total liver activity per 100 gm. of body weight. 

Diaphragms were rapidly removed, trimmed, briefly rinsed in about 25 
ml. of the incubation medium, blotted on filter paper, and placed in the in- 
cubation flasks. Glucose uptake was determined as the difference between 
the initial and final glucose concentration of the media and expressed as 
micromoles per 100 mg. of dry weight, after drying the diaphragm for 2 
hours at 110°. 

Calculations—The following expressions were calculated from the 
experimental data by the methods previously described (2, 16): (1) glycogen 
synthesis from glucose, (2) glycogen synthesis from fructose, (3) COz2 
formation from glucose, (4) CO» formation from fructose, (5) fatty acid 
synthesis from glucose, (6) fatty acid synthesis from fructose, (7) fructose 
uptake from medium, (8) (glycogen from glucose) /(glycogen from fructose), 
(9) maximal glucose phosphorylation, (fructose uptake) K (glycogen from 
glucose) /(glycogen from fructose). The ratio of glycogen from glucose to 
glycogen from fructose is by itself a reflection of the relative contribution of 
glucose and fructose to the glucose 6-phosphate pool and is therefore a 
good index of glucose phosphorylation under similar conditions of fructose 
utilization. 

Since there were marked differences in liver weight and composition 
among the different experimental groups, all values were calculated for 
the total liver per 100 gm. of body weight in the following manner: (value 
per gm. of liver) X (total liver weight (gm.) K 100)/body weight (gm.). 
This avoids differences in enzymatic dilution and represents the total 
liver metabolic activity available to the whole animal. Liver weight per 
100 gm. of body weight is also given so that the value of each function 
per gm. of wet liver weight can be readily calculated. 


Results 


Effect of Insulin on Intact Animal—By the 3rd or 4th day following 
the initiation of insulin administration, the diabetic animal was brought 
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into the normal range in respect to the following functions: daily food intake 
(6 to 10 gm. per 100 gm. of body weight), daily weight gain (4 to 6 gm.), 
and daily urinary glucose. This is in contrast to a group of uncontrolled 
diabetic animals who had a daily food intake of 12 to 19 gm. per 100 gm. 
of body weight and daily urinary glucose of 5 to 10 gm. Blood sugars 
taken randomly during the period of insulin administration, as well as 
those taken just prior to killing the animals, tended to be somewhat lower 
than normal (Table 1). However, the normal daily food intake and weight 


TABLE [ 


Comparison of Blood Glucose and Liver Composition in Normal, Diabetic, and 
Insulin-Treated Diabetic Rats 


Liver weight, | Liver fatty | Liver glycogen, 
Per 100 gm. of body weight 
98 3.95* 123 1051 
+6 +0.06 +7 +80 
Diabetic...............] 8 443 4.86 153f 322 
48 hr. insulin-treated di- 
73 10.5 253 8480 
2 wk. insulin-treated di- 
41 4.10 141 934 
+5 +0.20 +12 +166 


* Average of eleven animals. 
¢ Standard error of the mean. 
t Average of five animals. 


gain of these animals fed ad libitum made it unlikely that they were hyper- 
insulinized. 

Liver Composition—The data summarized in Table I indicate that the 
livers of animals treated with insulin for 2 weeks were essentially normal 
in regard to glycogen and fatty acid content, as well as weight. In con- 
trast to this are the data on animals treated with insulin for 48 hours. 
After this short period of treatment, the liver comprised 10.5 per cent of 
body weight and had about 8 times the normal content of glycogen, which 
actually represented about 15 per cent of the wet weight of the liver. 
Similarly, the fatty acid content was increased to about 2 times that of 
normal at that time. 

Metabolism of Liver Slices—Data on the metabolism of glucose and 
fructose by liver slices are presented in Table II. The marked departures 
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TaBLeE II 
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Metabolism of Glucose and Fructose Together in Medium by Liver Slices 
All values are expressed as micromoles of glucose or fructose utilized by the 
liver per 100 gm. of body weight ((micromoles per gm. of liver X total liver weight 
(gm.) X 100)/body weight (gm.)) per 90 minutes. 


Glucose to Fructose to 


Glucose to | Fructose to 


Glucose to! Fructose to 


Animal No. Fructose uptake 
Glycogen CO: Fatty acids 
Normal rats 
1 22.9 22.9 8.80 | 17.9 0.25 2.39 263 
2 34.5 53.6 5.35 | 41.8 0.68 4.30 316 
3 29.7 36.6 3.07 | 30.9 0.32 4.58 259 
4 50.5 53.4 4.75 | 37.9 0.57 5.21 277 
5 41.7 39.4 4.32 | 33.7 0.82 6.03 264 
Mean.........| 35.9 41.2 5.26 | 32.4 0.53 4.50 276 
+0.96 | +4.1 |+0.11 /|+0.60 +10 
Diabetic rats 
1 2.37 | 15.30 1.71 | 23.3 0.0 0.0 262 
2 0.76 5.27 1.89 9.4 0.0 0.0 176 
3 1.10 7.41 2.56 | 22.1 0.0 201 
4 1.04 4.37 1.96 | 14.7 0.0 183 
5 0.98 5.43 1.37 0.0 217 
Mean........ 1.25 7.56 1.90 | 17.4 0.0 0.0 208 
S.e.. . +0.28 | +1.99 | +0.19 | +3.3 +15 
48 hr. insulin-treated diabetic rats 
1 62.8 88.2 13.5 47.7 2.88 | 10.9 304 
2 162.2 | 106.4 23.4 38.2 8.21 | 20.5 264 
Mean. 112.5 97.3 18.5 43.0 5.55 | 15.7 284 
2 wk. insulin-treated diabetic rats 
1 20.2 18.1 4.95 | 22.1 0.53 2.30 205 
2 41.4 41.3 7.51 | 31.5 0.98 3.67 296 
3 25.9 21.2 1.77 | 17.5 0.27 1.35 233 
4 25.9 28.0 4.38 | 22.0 0.83 5.50 180 
5 48.7 45.2 5.82 | 31.2 1.40 8.77 289 
6 17.3 27.6 3.87 | 40.8 0.35 1.82 230 
Mean..... 29.9 30.2 4.72} 27.5 0.73 3.90 239 
S.e.. +5.0 | | 40.79 | 43.5 [40.17 (41.15 +19 
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from normal of the diabetic slices are in agreement with results previously 
reported from this laboratory (2, 6). The administration of insulin for 
a period of 2 weeks restored to essentially normal values the formation 
of glycogen, CO», and fatty acids from both glucose and fructose. Simi- 
larly, the ratio of glycogen from glucose to glycogen from fructose and the 
maximal glucose phosphorylation calculated therefrom were also returned 
to normal (Table III). It will be noted that, whereas the synthesis of 
glycogen from glucose and fructose varied from one animal to another, 
the ratios of the two were more constant within each group. : 


TaBLeE III 
Diaphragm Glucose Uptake and Estimated Glucose Phosphorylation by Liver Slices* 


Liver 


Diaphragm glucose uptake Fructose [Maximal gl 

glucose 
Type of animal amoles per 100 mg. hospho i 
weight per 90 min. Glucose to glycogen uptake | phosphorylati 


Fructose to glycogen 


umoles “y 100 gm. body 


weight per 90 min. 
Normal rats 9.46 + 0.71 (10)T 0.89 + 0.07 276 243 + 16 
Diabetic rats 1.68 + 0.67 (7) 0.17 + 0.02 207 36 + 4 
48 hr. insulin-treated| 12.0 (1) 1.12 + 0.40 284 310 + 92 
diabetic rats 
2 wk. insulin-treated; 9.68 + 0.71 (6) 0.99 + 0.08 239 239 + 28 
diabetic rats 


* Liver glucose phosphorylation calculated from values reported in Table II as 
described under ‘‘Materials and methods.”’ 

1 The values are expressed as the mean + the standard error. The figures in 
parentheses indicate the number of diaphragms. 


The metabolism of the liver slice of the diabetic animal treated with 
insulin for 48 hours showed an increase above normal in most of the aspects 
studied. This is most pronounced in fatty acid synthesis from glucose, 
which was 10 times that of normal. Glycogen and CO, formation from 
glucose were about 33 times normal. It may be noted that the magnitude 
of this disturbance during the early part of long term insulin treatment 
would not be apparent if values were expressed per gm. of liver weight 
instead of for the total liver, owing to the dilution caused by the marked 
increase in glycogen and lipide content. 

Diaphragm Glucose Uptake—Following 2 weeks of insulin administra- 
tion the glucose uptake of the isolated whole diaphragm was returned to 
normal (Table III). The difference observed here in the glucose uptake 
between untreated diabetic animals and normals is more than 5-fold. This 
is in contrast to previous reports, which indicate only about a 2-fold differ- 
ence between the glucose uptake of the two groups (9, 10). 
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Glucose-6-phosphatase Activity in Liver Homogenates—The increase in 
glucose-6-phosphatase activity of the diabetic animals was in close agree- 
ment with the values previously reported by Ashmore et al. (5) (Table IV). 
Insulin administration for 2 weeks also returned this enzyme activity to 
normal. It is of interest to note, however, that the total liver activity 
of that enzyme was still elevated after 48 hours of insulin administration, 
even though a normal blood glucose had been reached by that time. 


TABLE IV 
Glucose-6-phosphatase Activity of Rat Liver Homogenates 


The values are expressed as millimoles of phosphorus liberated by the liver per 
100 gm. of body weight in 30 minutes at 30°. 


Type of animal 
Normal (11)* Diabetic (8) (48 
0.903 2.04 1.94 0.959 
+0.038 +0.08 +0.13 +0.067 


* The figure in parentheses indicates the number of animals. 


DISCUSSION 


That an insulin effect can be observed in diabetic livers in 24 hours 
following the initiation of insulin administration has been shown by Renold 
et al. (3). It must be emphasized, however, that the reversal of the dia- 
betic metabolic alterations is not necessarily a true indication of restoration 
to normal, as is demonstrated by the marked hypertrophy of the liver 
occurring after 48 hours of insulin administration. It may be pointed 
out that, besides the pronounced increase in fatty acid synthesis from 
glucose, fatty acid synthesis from fructose was augmented to a lesser extent. 
This is similar to the exaggerated fatty acid synthesis from other non- 
glucose precursors, such as lactate, pyruvate, and acetate, reported by 
Renold et al. (3), Felts et al. (12, 14), and Osborn et al. (13, 15). Perhaps 
the greatest abnormality of the liver of animals treated with insulin for 
48 hours was the remarkable increase in glycogen content, which was about 
8 times that of normal. One possible explanation for this phenomenon 
may lie in a continued high rate of gluconeogenesis combined with the 
continued large food intake observed during the early period of insulin 
treatment. With insulin made available, this large amount of both 
endogenous and exogenous glucose can be deposited as glycogen. It is 
interesting to compare this situation with the increased liver glycogen 
occurring after fasting and refeeding normal rats observed by Spirtes 
et al. (21); here one would also expect a high level of gluconeogenesis to 
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continue during the resumption of food intake and the concomitant stim- 
ulation of endogenous insulin secretion. 

The data presented indicate that the administration of insulin to the 
alloxan-diabetic animal over a relatively long period of time, in doses just 
adequate to restore the intact animal to normal metabolic function, also 
corrects to normal all aspects of the metabolism of liver and diaphragm 
that were studied. This strongly suggests that those animals surviving 
alloxan administration for 2 or more weeks and yet demonstrating elevated 
blood glucose, as did the animals chosen for insulin administration in this 
experiment, have overcome or escaped all significant toxic effects of alloxan 
except those on the 8-cells of the pancreas. Such animals may then be 
regarded as representing a specific hypoinsulin state. 


SUMMARY 


The administration of small doses of insulin to the alloxan-diabetic 
rat over a period of 2 weeks restored to normal metabolic function the 
intact animal, as well asits liverand diaphragm. The metabolic activities 
studied included the conversion of glucose and fructose to glycogen, fatty 
acids, and CQs, as well as glucose phosphorylation by the liver slice, liver 
homogenate glucose-6-phosphatase activity, and- diaphragm glucose 
uptake. Liver size and composition were also studied. 

This is in contrast to the alteration in the metabolism of the liver of the 
diabetic animal treated with insulin for only 2 days. At this time the 
liver size was markedly increased with a high glycogen and lipide content. 
Most of the functions studied in the liver slice at that time showed a 
pronounced increase above the normal values, while glucose-6-phosphatase 
activity was still at the diabetic level. 

Since those metabolic activities measured in the tissues of the alloxan- 
diabetic rat can be restored to completely normal values by insulin adminis- 
tration alone, it may be concluded that these animals, indeed, represent 
a hypoinsulin state and that the information obtained from a study of 
their tissues may be safely attributed to the direct and indirect results of 
this hormonal deficiency. 


The assistance of Dr. George F. Cahill, Jr., and Miss Sylvia Zottu in 
some phases of these experiments is gratefully acknowledged. 
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(From the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, August 2, 1957) 


Even though the metabolic alterations in liver slices of animals with 
long standing diabetes have been well studied, it is not yet clear whether 
these changes are due to insulin deficiency in the liver itself or to an adap- 
tive response of that organ to the diabetic state, mediated by the influence 
of hormones or other environmental regulatory factors, possibly of periph- 
eral origin (1). The possibility of such an adaptive change has been 
strengthened by the fact that insulin added in vitro to the diabetic liver 
slice has no effect in reversing the metabolic derangement (2, 3) and that 
it is necessary to administer it for a relatively long period in vivo before 
demonstrating such an effect (2, 4). In sharp contrast to this is the 
very rapid response to insulin in vitro and in vivo of the diabetic diaphragm 
(2, 5, 6), as well as the normal diaphragm, as was originally observed by 
Gemmill (7). 

An alternative method of approach to this problem of the role of insulin 
in the regulation of hepatic metabolism has been used in these experiments. 
Instead of studying the effect of insulin administration on the liver, that 
tissue has been studied in various stages following the creation of an 
acute deficiency of this hormone. An attempt was made to assess the 
direct role of insulin on the liver by comparing its response to insulin 
deficiency to that of the diaphragm whose insulin sensitivity is well estab- 
lished. The data obtained indicate that liver and diaphragm are more 
similar in their response to insulin deficiency than in their behavior to 
insulin administration. 

Since it has been shown in a previous study that alloxan-diabetic rats 
can be restored to normal metabolic function by the administration of 
insulin for a period of 2 weeks (8), these animals, which depend on an 
exogenous source of insulin, were considered suitable for the production 
of an acute insulin deficiency. Accordingly, these long term controlled 

* This work was supported in part by the United States Atomic Energy Commis- 


sion, Swift and Company, and the Eugene Higgins Trust through Harvard University. 
t Aided by a postdoctoral fellowship grant from the American Cancer Society. 
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animals were acutely deprived of their insulin supply in a non-traumatic 
manner by discontinuing its administration. Following insulin withdrawal, 
the sequence of events leading to the characteristic biochemical picture 
of chronic diabetes in liver slice and isolated diaphragm was studied. In 
this manner it was hoped to observe hepatic metabolism during a period of 
relatively pure insulin deficiency before secondary factors had begun to 
exert their influence. 

In addition, a comparison was made of the insulin sensitivity of the 
liver of the animal recently deprived of insulin and that of the chronic 
diabetic animal. 


Materials and Methods 


Male albino rats of the Wistar strain weighing between 200 and 350 gm. 
were used. They were fed Purina chow ad libitum. Alloxan administra- 
tion and the selection of animals for use as diabetics were carried out as 
previously described (8). 

Clinical protamine zinc insulin (PZI) and crystalline insulin (Lilly) 
were used. Insulin was administered once every 24 hours for a period of 
2 weeks, according to the dosage schedule previously described, and 
restoration to normal metabolic function was confirmed from the animal’s 
weight gain, food intake, and urinary glucose, as well as from randomly 
taken blood glucose determinations (8). Following this 2 week period of 
protamine zinc insulin treatment, the animals were given the short acting 
crystalline preparation once every 8 hours (approximately 1 unit per 100 
gm. of body weight) for an additional 48 hours. At the end of this time, 
they were given their last injection of crystalline insulin and were then 
allowed to become acutely insulin-deficient by discontinuing any further 
administration. They were killed at intervals of 4, 10, 14, 20, 34, 48, and 
96 hours, measured from this last injection. 

To test the insulin sensitivity of the liver early in the insulin-deficient 
state, a separate group of animals was deprived of insulin in this manner. 
At 14 hours following their last injection, they were given a single sub- 
cutaneous dose of crystalline insulin (3 units as 100 gm. of body weight) 
and killed 4 hours thereafter. 

Liver slices were incubated as previously described in a high potassium 
medium (9). Glucose-U-C" (uniformly labeled glucose) and fructose-U-C" 
were used as substrates at a concentration of 15 mmoles per liter each, in 


paired flasks. Only one of the two substrates was labeled with C" in any | 


one flask (10). 
Whole diaphragms were incubated in Ringer-bicarbonate medium with 
10 mmoles per liter of glucose as substrate as previously described (8). 
Techniques for liver slices, isolated diaphragm, and glucose-6-phos- 
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phatase activity of liver homogenates were identical to those previously 
reported in respect to the details of incubation, slicing, chemical and 
isotopic analyses, and calculations (8-11). 

For the reasons stated previously (8), all liver values were calculated 
for the total liver per 100 gm. of body weight as follows: (value per gm. of 
liver X total liver weight (gm.)) X 100/ body weight (gm.). The values 
for liver weight per 100 gm. of body weight are also given from which the 
value per gm. of wet liver may be calculated. 


TABLE I 


Blood Glucose and Liver Composition at Varying Time Intervals 
after Insulin Withdrawal in Rats 


Liver 
Hrs. from| yo of | Blood 
Type of animal last insulin onimoie glucose, equivalents 
injection mg. per cent 
Per 100 gm. of body weight 

Normal* 6 98 + 6 |1051 + 80/123 + 7/3.95 + 0.06 

Diabetic* 8 /443 + 23 | 3224 57|153 + 124.86 + 0.16 

2 wk. insulin-treated 7 41+ 5 934 + 166/141 + 12)4.10 + 0.19 
diabetic* 

Insulin-deprived 4 4 50 + 11 | 778 + 121/127 + 6/3.77 + 0.29 

diabetic 10 3 (3855 + 31f| 402 + 176/173 + 3/3.49 + 0.29 

14 4 + 35 | 145 + 30/186 + 12)3.92 + 0.05 

20 4 (309+ 9] 47 + 21/218 + 4/3.46 + 0.21 

34 2 |309 + 19] 188 + 37/152 + 84.46 + 0.03 

48 2 + 27|;109 + 53/161 + 1/3.90 + 0.12 

96 2 (362 + 10 | 347 + 102)160 + 54.66 + 0.28 


* Values for these groups previously reported (8) and determined concurrently 
with these experiments. All values are expressed as the mean + the standard error. 
t Blood glucose at 63 hours was 245 mg. per cent. 


Results 


Effect of Insulin Deprivation on Intact Animal—The blood glucose was 
still controlled at 4 hours, became elevated at 6} hours, and reached truly 
diabetic levels by 10 hours after the last injection of crystalline insulin 
(Table I). The urinary glucose output increased slowly, the average 
being 0.5 gm. the Ist, 1.5 gm. the 2nd, 6.7 the 3rd, and 7.1 gm. the 4th 
day after insulin deprivation. 

Liver Composition—There was a very rapid depletion of liver glycogen 
to less than one-half of the value of the long term insulin-treated animal 
by 10 hours after the last insulin injection and to about one-twentieth 
by 20 hours (Table I). There was a subsequent increase in liver glycogen 
to the chronic diabetic level between 48 and 96 hours, probably owing to the 
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TaBLeE II 
Effect of Insulin Withdrawal on Glycogen and Fatty Acid Synthesis from 
Glucose and Fructose Together in Medium and on Glucose 
Phosphorylation by Rat Liver Slices 
The values are expressed in micromoles of glucose or fructose utilized by the liver a 
per 100 gm. of body weight ((micromoles per gm. of liver X total liver weight (gm.)) 
X 100/body weight (gm.)) per 90 minutes. 
Type of animal insulin| index, | tose | - 
injection (a) uptake | P 
Glycogen (b) ” Fatty acids 
Normal (5)* 35.9 41.8 0.89 276 243 0.53 | 4.50 “ 
+4.8 | +5.8 {40.07 | +11 | +16 {|+0.11 |+0.61 
Diabetic (5)* 3.2 7.6 0.17 207 36 0.0 0.0 - 
+0.3 +1.9 |+0.02 +15 +4 
2 wk. insulin- 29.9 30.2 0.99 239 239 0.73 | 3.91 a 
treated dia- +5.0 | +4.4 |+0.08 | +19 | +28 
betic (6)* a 
Insulin-de- 4 27.0 30.5 0.88 232 206 0.53 | 4.14 c} 
prived dia- 22.6 23.3 0.97 222 214 0.90 | 3.32 t] 
betic 36.2 43.6 0.83 254 211 0.57 | 0.99 
Mean........ 28.6 32.5 | 0.89 236 210 | 0.67] 2.82 0 
sl 
10 26.0 25.1 1.04 207 213 0.0 0.26 ir 
24.3 31.4 0.78 197 154 0.0 0.15 . 
21.4 25.9 0.83 212 175 0.0 0.52 ‘ 
Mean........ 23.9 27.5 0.88 205 181 0.0 0.31 0! 
tl 
14 11.8 22.0 0.54 212 113 0.19 | 0.26 fj 
10.2 20.6 0.50 190 94 0.0 0.35 
24.4 32.0 0.76 260 199 0.0 0.0 
17.9 | 35.2 | 0.51 | 285| 147 | 0.0 | 0.14 ; 
Mean........ 16.1 27.5 0.58 237 138 0.05 | 0.19 t 
Ww 
20 2.2 20.2 0.61 245 149 0.0 0.0 th 
5 22.2 0.47 250 118 0.0 0.0 tt 
Mean........ 11.4 21.2 0.54 248 134 0.0 0.0 
34 5.90 | 15.5 0.38 243 92 0.0 0.0 t] 
9.46 | 17.7 0.54 256 135 0.0 0.0 - 
7.68 | 16.6 | 0.46 | 250} 113 | 0.0 | 0.0 
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TABLE II—Concluded 


Glucose to| Fructose to} Phospho- Maximal 


lati 
Type of animal. | last insulin (2) (5) “Index, 
injection (a) uptake | P Sotion 
Glycogen (b) Fatty acids 
48 4.50 13.3 0.34 321 109 
2.37 8.2 0.29 234 67 
Mean........ 3.44 | 10.7 0.31 278 88 
96 2.41 12.8 0.19 280 52 


3.56 | 18.3 0.19 325 63 


Mean........ 2.99 | 15.6 0.19 303 58 


* The values for these groups are expressed as the means + the standard error 
as reported (8). The figures in parentheses indicate the number of animals. 


active gluconeogenesis occurring by that time. There was a marked in- 
crease in liver fatty acid content reaching a peak at 20 hours and declining 
thereafter to values close to those of the chronic diabetic animals (Table I). 

Metabolism of Liver Slices—There was a dramatic decrease in the ability 
of liver slices to synthesize fatty acids from both glucose and fructose 
shortly after insulin withdrawal (Table II). At 4 hours after the last 
injection, the synthesis of fatty acids from both substrates was essentially 
normal, while at 10 hours the contribution of glucose to fatty acid synthesis 
was not measurable and that from fructose was only one-tenth the value 
of the insulin-treated animal. Of the metabolic measurements made, 
the inability of the diabetic liver slice to synthesize fatty acids was the 
first fully developed lesion to appear following insulin deprivation. 

There was a continuous decline in the formation of glycogen from glucose, 
starting between 4 and 10 hours, and reaching values close to those of the 
diabetic by 96 hours. Whereas glycogen synthesis from glucose had fallen 
to approximately one-half by 14 hours, glycogen formation from fructose 
was only slightly altered by that time (Table II). The fall thereafter in 
the conversion of fructose to glycogen was probably due to the increase in 
the conversion of fructose to glucose (10). 

Since there was little change in the fructose uptake throughout these 
experiments (Table II), the ratio of the glycogen formed from glucose to 
the glycogen formed from fructose is as valid an index of the relative 
contribution of the two substrates to the glucose 6-phosphate pool as is the 
maximal phosphorylation, which is the product of this ratio and fructose 
uptake. The most pronounced fall in both this ratio and in maximal phos- 
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phorylation occurred between 10 and 14 hours after the last insulin injec- 
tion, at which time values approximately 60 per cent of those of the insulin- 
treated animals were reached. After this, there was a more gradual fall 
in both parameters to essentially diabetic levels at 96 hours (Table II). 

Diaphragm Glucose Uptake—The glucose uptake of the isolated dia- 
phragm was normal 4 hours after the last injection of insulin, but had 
decreased to approximately 50 per cent by 10 hours. There was a further 
fall to the diabetic range by 96 hours (Table ITT). 


TaBLeE III 


Effect of Insulin Withdrawal on Rat Diaphragm Glucose Uptake, Liver Homogenate 
Glucose-6-phosphatase Activity, and Net Change in Medium Glucose of Liver Slices 


Liver glucose-6-phos- Net change in 
No. o Diaphragm glucose up- P per 
Type ofanimal | ani- | Jin in- | take, mmoles per 100 mg. F min. 
mals jection dry weight per 90 min. 
Per 100 gm. of body weight 
Normal 9.46 + 0.71 (10)*0.903 + 0.038 (11))315 + 52 (4) 
Diabetic 1.68 + 0.67 (7) |2.04 + 0.08 (8) 469 + 38 (5) 
2 wk. insulin- 9.68 + 0.71 (6) (0.959 + 0.067 (7) |348 + 42 (5) 
treated 
diabetic 
Insulin-de- 4 |10.45 + 0.87 (6) |1.42 + 0.05 (4) (289 + 17 (4) 
prived dia- | 3 | 10 | 5.18 + 0.68 1.76 + 0.07 360 + 22 
betic 4 14 5.79 + 0.93 1.92 + 0.03 316 + 42 
4 20 6.54 + 0.27 1.81 + 0.09 333 + 18 
2 34 6.16 + 0.24 2.50 + 0.26 540 + 22 
2 48 4.55 + 0.24 1.85 + 0.02 661 + 80 
2 96 3.08 + 0.77 2.27 + 0.11 648 + 13 


* The values are expressed as the mean + the standard error. The figures in 
parentheses indicate the number of animals. 


Liver Glucose-6-phosphatase Activity and Glucose Production—The 
glucose-6-phosphatase activity of liver homogenates was the only measure- 
ment which showed a significant difference 4 hours after the last injection 
of crystalline insulin as compared to animals treated for 2 weeks with 
protamine zinc insulin alone (Table III). A further increase to the diabetic 
range was observed by 34 hours. An explanation for the elevation in the 
glucose-6-phosphatase activity at 4 hours may reside in the fact that 
these animals received multiple injections of crystalline insulin for an 
additional 48 hours following 2 weeks of PZI treatment. Since crystalline 
insulin does not maintain the constant level of exogenous insulin which 
can be achieved with the protamine zinc preparation, the animals may well 
have undergone a periodic rise in blood glucose with mobilization of liver 


14 


14 


in 
li 
R 
, 2 

We 
li 
et 

in 
ar 
Ve 
sli 
t 


R. G. SPIRO, J. ASHMORE, AND A. B. HASTINGS 767 


glycogen, which, if occurring repeatedly, — cause an adaptive increase 
in the activity of this enzyme. 
The net glucose output of the liver um on the other hand, showed 
little change until it rose to diabetic levels between 20 and 34 hours. 
Insulin Response of Liver Early in Insulin-Deficient State—Renold et al. 
(2) and Chernick and Chaikoff (4) have shown that the chronic diabetic 


TaBLe IV 


Response of Blood Glucose, Diaphragm, and Liver Slices to Single Dose of Insulin in 
Rats 14 Hours after Insulin Deprivation 


Liver 
IGlucose| Fruc- Fruc- 
Diaphragm cme ‘to Maximal = 
Blood | glucose u i phospho- 
Type of animal glucose, | take, umo rylation : 
mg. per| per 100 mg. ‘glucose Glycogen Fatty acids 
cent dry weight 
per 90 min 
umoles per 90 min. 
Per 100 gm. of body weight 
2 wk. insulin- 41 9.68 934 (29.9 | 30.2 239 0.73 | 3.91 


treated diabetic* 
14 hr. insulin-de- | 368 5.79 145 16.1 | 27.5 138 0.05 | 0.19 
prived diabetic* 


l4hr. insulin-de- | 25 10.90 626¢ | 22. 
prived diabetic 18 7.24 922 42. 
+ insulin{ 29 13.20 817 18. 

42 11.10 896 41 


rere 29 10.61 815 30.9 | 33.1 234 0.34 | 1.77 


* Values taken from Tables I, II, and III. 

t The mean liver weight per 100 gm. of body weight was 4.59 gm. 

t Animals sacrificed 4 hours after a single injection of 3 units per 100 gm. of body 
weight of crystalline insulin. 


liver responds only to prolonged insulin administration in vivo. Renold 
et al. found that a significant insulin effect on the liver was not yet ap- 
parent at 6 hours after the initiation of insulin administration, while it was 
pronounced by 24 hours. In the present study, animals deprived of 
insulin for 14 hours were given a single subcutaneous injection of insulin 
and studied 4 hours later. It was found that liver glycogen, the con- 
version of glucose to glycogen, and glucose phosphorylation by liver 
slices, as well as diaphragm glucose uptake, were restored to the values of 
the long term insulin-treated diabetic, which are essentially normal (Table 
IV). There was also an improvement in the conversion of glucose and 
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fructose to fatty acids, but only to values about 50 per cent of those of the 
long term insulin-treated animal. 


DISCUSSION 


An interesting observation which emerges from these data is that the 
characteristic metabolic picture of diabetes takes about 90 hours to develop 
fully in both liver and diaphragm after the initial rise in blood glucose, 
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Fic. 1. Alterations in liver fatty acid content and fatty acid synthesis by liver 
slices following acute insulin deprivation in the rat. The values are expressed per 
100 gm. of body weight. The hours from the last injection of crystalline insulin are 
plotted on the abscissa, with a marked condensation of time between 48 and 96 hours. 
PZI refers to the values of diabetic animals treated for 2 weeks with protamine zinc 
insulin. F.A. = fatty acids. 


The insulin dependence of these alloxan-diabetic animals is attested by 
the early rise in blood glucose. Table I shows the relation between the 
elevation of blood glucose and the rapid concomitant depletion of liver 
glycogen and suggests that the animal elevates its blood glucose initially 
with the help of its hepatic glycogen reserve. 

Fig. 1 shows an interesting contrast between the fatty acid content 
of the liver at varying time intervals after the last injection of insulin 
and the ability of the liver slice to synthesize fatty acids. From the 
observation that fatty acid synthesis is already drastically reduced at 


10 hours, while liver lipide content reaches a peak only at 20 hours, it [ 
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is suggested that this increase in lipide content is the result of peripheral 
mobilization. 

In order to compare the response to insulin deprivation of a peripheral 
tissue such as diaphragm to that of the liver, diaphragm glucose uptake 
is plotted alongside the ratio of glycogen formation from glucose to glycogen 
from fructose, an index of glucose phosphorylation in the liver (Fig. 2). 
The process in diaphragm is unquestionably insulin-sensitive (5, 6). Both 


DIAPHRAGM e@LIVER 


LIVER PHOSPHORYLATION INDEX 


DIAPHRAGM GLUCOSE UPTAKE yM/i0OMG 


11, 
HOURS 


Fig. 2. Comparison of glucose utilization in isolated diaphragm and liver slices 
following acute insulin withdrawal in the rat. Diaphragm glucose uptake is ex- 
pressed as micromoles per 100 mg. of dry weight per 90 minutes. Phosphorylation 
index refers to (glycogen from glucose)/(glycogen from fructose). Broken lines 
represent chronic diabetic values. PZI and hours as explained in Fig. 1. 


functions show quite similar behavior with an early sharp fall to about 
one-half of the value of the insulin-treated animals, followed by a more 
gradual decline to approximately diabetic values at 96 hours. The steepest 
fall in the diaphragm occurs between 4 and 10 hours after the last injection 
of insulin, while that of the liver takes place between 10 and 14 hours. 
This difference in time of response to insulin deficiency in these two tissues 
is rather small when compared to the long time required for the develop- 
ment of the complete metabolic abnormality in both tissues. From 
the similarity of the initial steep decline in glucose utilization by both 
liver and diaphragm, it seems unlikely that the decrease in glucose phos- 
phorylation by the liver is secondary to a peripheral defect. If this were 
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a secondary change, one might expect a more gradual decline in liver} ¢ 
glucose phosphorylation following the development of the peripheral 
lesion. A further exploration of the possible adaptive nature of the dia- 
betic impairment in liver glucose utilization will be reported in an ae. 
companying publication dealing with the hypophysectomized diabetic 
rat (12). 

It is of interest to compare the response of the diabetic liver and dia- 
phragm to insulin administration with the response of those tissues to 
insulin deficiency as reported in this paper. From the marked difference 
which Renold et al. obtained in these two tissues after insulin adminis-} ‘ 
tration (2), they concluded that it was most likely that insulin exerted 
an immediate metabolic effect on the periphery, while its effect on the } 
liver was either an adaptive one resulting from changes in peripheral 
metabolism or a direct one but quite different in nature. On the other 
hand, the present experiment points to a similarity of response of both liver 
and diaphragm to acute insulin deprivation. 

The relatively rapid response of the liver early in the insulin-deficient 
state to insulin administration in vivo is in contrast to the more prolonged 
exposure to insulin necessary in animals with long standing diabetes (2, 4). | 
The animals used in this study for insulin administration represent an | 
intermediate stage in the development of impaired liver function. At 14 } 
hours, glucose phosphorylation is about one-half of normal and must } 
undergo a prolonged further decline to true diabetic values. During this | 
period of further decline, alterations may occur in the liver which require} 
i. more prolonged time for reversal, which may explain the difference in 
speed of response of livers early and late in the insulin-deficient state. ) 


SUMMARY 


The metabolism of the liver and diaphragm has been studied at varying 
time intervals following acute insulin deprivation in the rat. This was | 
accomplished by discontinuing insulin administration to alloxan-diabetic | 
rats which had been restored to normal metabolic function by prolonged | 
insulin treatment. 

The characteristic metabolic picture of long standing diabetes in both 
liver and diaphragm was not achieved until 96 hours following the last | 
injection of crystalline insulin, even though blood glucose was already | 
elevated at 6} hours. There was an early depletion of liver glycogen, 
accumulation of liver lipide, and drastic reduction in fatty acid synthesis 
from both glucose and fructose. 

Both diaphragm glucose uptake and liver glucose phosphorylation showed 
au steep fall to about half the normal value early after insulin deprivation, 
the former at 10 hours and the latter at 14 hours, with a more gradual 


R. G. SPIRO, J. ASHMORE, AND A. B. HASTINGS 771 


decline thereafter. Both functions were restored to normal in animals 
early in the insulin-deficient state 4 hours after a single injection of insulin. 
This rapid restoration of glucose utilization by both tissues, as well 
as their similarity in response to insulin deficiency, is discussed in the 
light of previous investigations on the role of insulin in hepatic metabolism. 
From the data in this experiment, it is thought unlikely that the hepatic 
metabolic alterations of diabetes are secondary to a peripheral lesion. 


The assistance of Dr. George F. Cahill, Jr., and Miss Sylvia Zottu in 
some phases of these experiments is gratefully acknowledged. 
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STUDIES ON CARBOHYDRATE METABOLISM 
IN RAT LIVER SLICES 


XIII. INFLUENCE OF THE PITUITARY ON 
THE INSULIN-DEFICIENT STATE 


By ROBERT G. SPIRO* 


(From the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, August 2, 1957) 


Because of the failure of the diabetic liver to respond to insulin in vitro 
and its slow response to insulin administration in vivo, the possibility exists 
that the alteration in hepatic metabolism is secondary to the diabetic 
state of the whole animal and is brought about through the mediation of the 
hormones of the pituitary gland (1). It has been previously reported that 
liver slices from hypophysectomized diabetic rats show an amelioration in 
that aspect of the diabetic metabolic derangement attributable to gluconeo- 
genesis, as do liver slices from adrenalectomized diabetic rats (2). The 
present study was undertaken to determine to what extent the decreased 
glucose utilization of the diabetic liver slice would be increased by hypophy- 
sectomy. ‘To determine this, glucose phosphorylation in liver slices was 
estimated by the method previously employed in this laboratory for the 
comparison of normal and diabetic animals (3, 4). 

An attempt was also made in these experiments to determine the relative 
contributions of both liver and diaphragm to the well established improve- 
ment of the diabetic state of the whole animal after hypophysectomy. 

The data in this study indicate that, following hypophysectomy in the 
diabetic animal, there is a pronounced improvement in diaphragm glucose 
uptake but no increase in the impaired glucose phosphorylation of the liver 
slice. It is also shown that, whereas liver glucose-6-phosphatase activity 
is restored to normal values, fatty acid synthesis from fructose shows only 
slight improvement following hypophysectomy. 


Materials and Methods 


Male albino rats of the Wistar strain weighing between 200 and 350 gm. 
were used. They were fed Purina chow ad libitum. Alloxan administra- 
tion and selection for use were carried out as previously described (5). 
Hypophysectomy! was performed 2 to 4 weeks after the injection of alloxan. 


* Aided by a postdoctoral fellowship grant from the American Cancer Society. 
1 The hypophysectomies were performed by Mr. W. Toepel of Dr. P. L. Munson’s 
laboratory, Harvard School of Dental Medicine. 


773 


774 CARBOHYDRATE METABOLISM IN LIVER. XIII 


The animals were used between 14 and 21 days after operation. Effective- 
ness of hypophysectomy was judged by the weight of seminal vesicles, 
adrenals, and testes. Blood glucose was determined on each animal both 
before hypophysectomy and again about 2 weeks thereafter. 

Liver slices were incubated as previously described (6) in a high potas- 
sium medium. Glucose-U-C*™ (uniformly labeled glucose) and fructose-U- 
C'* were used as substrates at a concentration of 15 mmoles per liter each, 
in paired flasks. Only one of the two substrates was labeled with C" in ) 
any one flask (3). 

Whole diaphragms were incubated in Ringer-bicarbonate medium with 
10 mmoles per liter of glucose as substrate as previously described (5). 

Techniques for liver slices, isolated diaphragm, and glucose-6-phospha- 
tase activity of liver homogenates were identical to those previously | 
reported in respect to the details of incubation, slicing, chemical and isotopic I 
analyses, and calculations (2, 5-7). 

All liver values were calculated for the total liver per 100 gm. of body 
weight as described previously (5). The values for liver weight per 100 
gm. of body weight are also given. oq 


Results 


Blood Glucose and Liver Composition—Following hypophysectomy, | | 
determinations of blood glucose on animals fed ad libitum showed only 
a relatively small improvement, the values remaining substantially above 
normal (Table I). This is in agreement with the experience of others with 
hypophysectomized diabetic rats (8). The somewhat elevated liver fatty 
acids and liver weight of the diabetic animals were reduced to normal values 
by hypophysectomy. Liver glycogen remained essentially unchanged at } 
about one-third of normal. 

Metabolism of Liver Slices—Glycogen synthesis from both glucose and |! 
fructose showed a definite increase towards normal values following hy- |  , 
pophysectomy. ‘There was, however, no increase in the ratio of glycogen | 
from glucose to glycogen from fructose, which remained at about one-fifth 
the normal value. Since fructose uptake remained essentially unchanged, 
the calculated maximal phosphorylation likewise continued to show the 
marked decrease below normal evident in the diabetic animals with intact 
pituitary glands (Table II). Moreover, even the absolute amount of 
glycogen formed from glucose was still only 13 per cent of normal. 

The decrease in COz formation from glucose and fructose of diabetic | 
livers showed no significant change after hypophysectomy (Table III). 
While fatty acid synthesis from fructose was not measurable in the diabetic | 
animals, it was detectable, though low, following hypophysectomy, the ; 
mean being about one-eighth of the normal value (Table III). 

Liver Glucose-6-phosphatase Activity—After hypophysectomy, the activity t 
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TaBLeE I 


Comparison of Blood Glucose and Liver Composition in Normal, 
Diabetic, and Hypophysectomized Diabetic Rats 


Liver fatty | Liver glycogen, | 1 iver weight, 
No. of | Blood glu- | acids, mg. aa 
Type of animal 
Per 100 gm. of body weight 
Normal* 6 98 + 6f| 123 + 7 | 1051 + 80 3.95 + 0.06 
Diabetic* 8 (443 + 23 | 153 + 12} 322 + 57 |4.86 + 0.16 
Hypophysectomized diabetic 
Before hypophysectomy 9 |452 + 13 
After a 9 (349 + 37|} 121 +6); 406 + 73 |3.72 + 0.11 


* Values reported previously (5) and determined concurrently with these experi- 


ments. 


t Values expressed as the mean + the standard error. 


TaBLeE II 


Effect of Hypophysectomy on Glycogen Synthesis from Glucose and Fructose Together 
in Medium and on Glucose Phosphorylation by Liver Slices from Diabetic Rats 


The values are expressed as micromoles of glucose or fructose utilized by the 
liver per 100 gm. of body weight ((micromoles per gm. of liver X total liver weight 
(gm.)) X 100/body weight (gm.)) per 90 minutes. 


Glucose to | Fructose to | Liver a 
Type of animal (0) index, |phoophorylation 
Glycogen (b) 
Normal (5)* 35.9 41.8 0.89 276 243 
+4.8 +5.8 +0.07 +11 +16 
Diabetic (5)* 1.25 7.6 0.17 207 36.1 
+0.29 +1.9 +0.02 +15 +3.6 
Hypophysectomized 
diabetic 
1 1.62 7.7 0.21 210 43.8 
2 1.99 17.8 0.11 177 19.7 
3 4.13 25.6 0.16 219 35.1 
4 5.57 26.3 Q.21 243 51.6 
5 3.86 22.0 0.18 226 39.8 
6 9.66 34.9 0.28 214 59.4 
7 5.86 40.5 0.14 267 38.5 
8 5.27 30.9 0.17 219 37.3 
Mean 4.74 25.7 0.18 222 40.7 
S.e +0.89 +3.2 +0.02 +9 +4.2 


* Values for these groups previously reported (5) and expressed as the mean + 


the standard error. 


The figures in parentheses indicate the number of animals. 
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of this enzyme in liver homogenates fell to about one-third of the diabetic 
values and somewhat below the normal (Take III). 

Diaphragm Glucose Uptake—The glucose uptake of the isolated whole 
diaphragm showed about a 4-fold increase following hypophysectomy 


TaBLeE III 


Effect of Hypophysectomy on CO. and Fatty Acid Synthesis by Liver Slices, 
Glucose-6-phosphatase Activity in Liver Homogenates, and 
Diaphragm Glucose Uptake in Diabetic Rats 


Glucose to to Fructose to | Liver glucose-6- 
Type of animal we per 90 min. 30 min. ae = 
per 90 min. 
Per 100 gm. of body weight 
Normal* 5.26 32.4 4.50 0.903 9.46 
+0.96 (5) | 44.1 (5) | 0.61 (5) | 0.038 (11) | 40.71 (10) 
Diabetic* 1.89 17.4 0.0 (5) 2.04 1.68 
+0.19 (5) | +3.3 (5) +0.08 (8) +0.67 (7) 
Hypophysectomized 
diabetic 
1 1.92 18.7 0.21 0.662 8.54 
2 0.99 16.8 0.24 0.907 6.35 
3 2.49 18.6 0.71 0.718 5.64 
4 2.59 26.0 2.01 0.359 5.21 
5 3.98 17.1 0.17 0.578 6.45 
6 3.27 16.5 0.47 1.09 6.22 
7 2.95 21.4 0.59 0.739 7.47 
8 1.40 19.9 0.27 0.477 7.65 
9 0.681 
2.45 19.4 0.58 0.690 6.69 
+1.1 +0.22 +0.079 +0.39 


* Values for these groups expressed as the mean + the standard error. The fig- 
ures in parentheses indicate the number of animals. 


of the diabetic animal. It was, nevertheless, still significantly below the 
normal value (p < 0.01) (Table III). 


DISCUSSION 


The data obtained in the present study from hypophysectomized diabetic 
animals show that the livers of these insulin-deficient rats (5), from which 
pituitary influences have also been removed, show no improvement in 
glucose phosphorylation. In contrast to the liver, there is a pronounced 
increase in the utilization of glucose by the diaphragm, yet not to normal 


i 
e 
«st 
t 
b 
W 
a 
fr 
bi 
p 
p 
tc 
if 
W 
si 
| 
fh 
| 
i 
fe 
i 
me 
oh 


rete 


omy 


R. G. SPIRO 777 


values. The data on these two tissues suggest that there is only a limited 
improvement in glucose utilization by diabetic animals following hypo- 
physectomy, which may explain their continued high blood glucose values. 

Previous studies in this and other laboratories (9-11) with buffer- 
incubated diaphragms showed that hypophysectomy of normal animals 
increased diaphragm glucose uptake to greater than normal values. How- 
ever, the response of the diabetic diaphragm to hypophysectomy was not 
studied. The marked improvement towards normal values found in the 
present study of hypophysectomized diabetic diaphragms is consistent with 
the experiments of Bornstein and Park (12) in which the uptake of glucose 
by normal diaphragms was inhibited by the serum from diabetic rats but 
was restored to normal if the diabetic serum donors were hypophysecto- 
mized. Since no serum was present in the incubation media of the experi- 
ments in the present study, it may be assumed that the inhibitor must have 
been transferred to the incubation flask with the diabetic diaphragm itself 
and must have been absent from the diaphragm 2 to 3 weeks following 
hypophysectomy. 

The data on liver slices show a parallel increase in glycogen synthesis 
from both glucose and fructose following hypophysectomy of the diabetic 
animal. This is consistent with the fall in glucose-6-phosphatase activity 
brought about by the removal of the pituitary. Ashmore et al. (7) have 
previously shown that there is an inverse relation between glucose-6- 
phosphatase activity and the per cent of glucose 6-phosphate converted 
to glycogen. 

The very slight improvement observed in fatty acid synthesis from 
fructose following hypophysectomy of the diabetic animal is not in accord 
with the experiments of Brady et al. (13) who found a complete return to 
normal of fatty acid synthesis from acetate in the Houssay cat. It is con- 
sistent, however, with the recent report of Bauman et al. (8) who found no 
improvement in lipogenesis from acetate in liver slices of hypophysecto- 
mized diabetic rats on a stock diet. From this it appears that the decreased 
lipogenesis of the diabetic rat is not the result of secondary pituitary in- 
fluences. The importance of insulin in the maintenance of normal lipogen- 
esis has been shown previously by its rapid impairment in the rat following 
insulin deprivation (14). 

From previous experiments with liver slices (2) it may be inferred that 
the liver contributes to the improvement of the diabetic state of the animal 
following hypophysectomy or adrenalectomy by a pronounced decrease 
in gluconeogenesis. Moreover, Ashmore et al. (7) reported a decrease to 
normal values of glucose-6-phosphatase of diabetic livers following adrenal- 
ectomy. In this study a similar change in this enzyme occurred following 
hypophysectomy of diabetic rats. 
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The results of this study make it unlikely that the impairment in glucose 
utilization by diabetic livers is brought about through the secondary 
influence of hormones originating either in the pituitary or in pituitary- 
dependent glands. If the decreased glucose phosphorylation of the diabetic 
liver is to be considered adaptive in nature, and yet such hormonal in- 
fluences are apparently not responsible, the most likely alternative possi- 
bility would be a direct influence on the liver by factors originating in the 
peripheral tissues. In a previous report it was shown that the responses in 
glucose utilization by liver and diaphragm to acute insulin deficiency were 
sufficiently alike to make it unlikely that the hepatic impairment was 
secondary to factors of peripheral origin (14). Furthermore, in the present 
experiments, a lack of peripheral influence on hepatic metabolism is sug- 
gested by the failure of liver glucose phosphorylation to improve along 
with the marked increase in diaphragm glucose uptake following hypo- 
physectomy. 

The present data are of some help in clarifying the sequence of events 
which occur in liver and diaphragm following acute insulin deprivation 
(14). It was previously reported that, in response to acute insulin defi- 
ciency, glucose utilization by both liver and diaphragm shows an early 
sharp fall to about half the normal value, followed by a prolonged, gradual 
decline to diabetic values. The improvement in diaphragm glucose uptake 
following hypophysectomy suggests that, whereas the initial sharp fall is 
due to insulin lack itself, the more gradual decline to diabetic values is 
due to an inhibitory effect mediated through the pituitary. On the other 
hand, it would appear that the decline observed in liver glucose phos- 
phorylation is due to insulin deficiency directly, rather than to the insulin- 
deficient state of the peripheral tissues or to pituitary influences. 


SUMMARY 


The effect of hypophysectomy on various aspects of the metabolic 
alterations of the diabetic liver slice and isolated diaphragm was studied. 
While there was a marked improvement in diaphragm glucose uptake, there 
was no amelioration in glucose phosphorylation by liver slices. There was 
no significant change in CO, formation from either glucose or fructose by 
the liver slice, and fatty acid synthesis from fructose showed only very 
slight improvement. Liver glucose-6-phosphatase activity was returned to 
normal values. 

The relative importance of insulin deficiency and secondary hormonal 
factors to the development of the metabolic alterations in liver and dia- 
phragm of the diabetic animal is discussed. 


The author wishes to express his appreciation to Dr. A. Baird Hastings 
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for his helpful criticism of the manuscript and to Dr. James Ashmore for 
his interest in this work. 
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FLUOROMETRIC DETERMINATION OF KYNURENIC ACID 
AND XANTHURENIC ACID IN HUMAN URINE* 


By KIYOO SATOH anp J. M. PRICET 


(From the Cancer Research Hospital, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 14, 1957) 


A gravimetric method for the determination of urinary kynurenic acid 
was reported by Capaldi (1). This procedure was modified and improved 
by Berg (2) and Gordon, Kaufman, and Jackson (3). Porter, Clark, and 
Silber (4) determined kynurenic acid by oxidizing it to oxalylanthranilic 
acid which was then determined as anthranilic acid. Musajo and Coppini 
(5) developed another colorimetric method for the determination of this 
quinoline derivative. More recently Brown and Price (6) reported a 
spectrophotometric procedure in which the kynurenic acid was first purified 


by ion exchange chromatography. These methods lacked specificity, were 


laborious, or lacked adequate sensitivity for routine studies on human 
urine, in which kynurenic acid has been found in small quantities (6). 

Miller and Baumann (7) determined xanthurenic acid colorimetrically 
as a green complex with iron. This procedure has been modified to avoid 
extraction of the xanthurenic acid from the urine (8-10). Miller and 
Baumann (7) emphasized that the method may lack specificity, but there 
are few data to indicate that the procedure is unsatisfactory. The colori- 
metric determination of xanthurenic acid has been widely used to look for 
evidence of abnormal tryptophan metabolism (7, 9-13). 

A more convenient method for the routine determination of urinary 
kynurenic acid and xanthurenic acid was sought for several reasons. The 
method for kynurenic acid determination in use in these laboratories (6) 
appeared to give satisfactory results, but was too time-consuming. Fur- 
thermore, there is evidence! that the colorimetric determination of xan- 
thurenic acid (8) gave values which were considerably too high, especially 
when normal urine was studied. 

The recent observation (14) that kynurenic acid, xanthurenic acid, and 
xanthurenic acid 8-methyl ether may be obtained from urine in highly 
purified form by using Dowex 50 (H+) provided an opportunity to develop 


* Supported in part by grants from the National Institute of Arthritis and Meta- 
bolic Diseases (No. A-1127 (C)), United States Public Health Service, from the Ameri- 
can Cancer Society as recommended by the Committee on Growth of the National 
Research Council, and an Institutional Grant from the American Cancer Society. 

t Scholar in Cancer Research of the American Cancer Society. 

'Satoh, K., Dodge, L. W., and Price, J. M., unpublished data. 
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a simplified determination of urinary kynurenic and xanthurenic acids, 
In this procedure xanthurenic acid was measured by its fluorescence in 
strong alkali, and kynurenic acid has been determined fluorometrically in 
strong H.SO,. Under ordinary conditions kynurenic and xanthurenic 
acids did not interfere with the determination of each other. The other 
quinoline derivatives which have been found in mammalian urine (14-16) 
did not interfere with either method. 

The proposed method gave values for kynurenic acid which were in good 
agreement with the spectrophotometric method (6) and xanthurenic acid 
values which were considerably lower than those obtained in these labora- 
tories by the method of Rosen, Lowy, and Sprince (8). Recoveries of both 
quinoline derivatives usually were between 90 and 105 per cent, and six 
samples could be analyzed for each compound in duplicate daily. 


Materials and Methods 


Analytical Columns—The ion exchange columns consisted of a glass 
tube (1.2 cm. outside diameter) 15 cm. long attached to the bottom of a 
250 ml. Erlenmeyer flask. A constriction near the bottom of the tube 
held a plug of glass wool and a column of Dowex 50 (H+) 3 cm. long. 
Before use, the column was washed with 50 ml. of 5 n HCl and 100 mil. 
of H.0. 

Reagents—Kynurenic acid (6) and xanthurenic acid (14) were prepared 
as previously described. The standard solutions used for determination 
of recoveries were 3.22 K 10-* mM. Dowex 50 (Ht) was prepared as pre- 
viously described (17). 

Fluorometer—The Aminco-Bowman spectrophotofluorometer used for 
these studies was calibrated with the aid of a mercury vapor lamp.? The 
mercury line at 546 my was used to adjust the fluorescence monochromator. 
The activating monochromator was then calibrated against the fluores- 


cence monochromator. After this calibration, a solution of quinine sulfate | 
at concentrations of 0.1 and 10.0 y per ml. in 0.1 N H2SO, showed maximal | 
activation at 350 my with maximal fluorescence at 451 my. Sprince and | 


Rowley (18) presented evidence that these wave lengths should be 350 
and 450 muy, respectively, with a similar spectrophotofluorometer. 
Analytical Method—Duplicate samples which consisted of from 2 to 5 
per cent of a 24 hour urine were added to each of two graduated cylinders 
and diluted to 120 ml. with HO. To one of the samples 1 ml. of each 
standard solution was added, and 30 ml. of 1 N HCl were added to each 
cylinder. The mixed solutions were added to the Dowex 50 (H*) columns. 


The columns were washed with 50 ml. of 0.2 n HCl, 100 ml. of 0.5 n HCl, 


2? Mr. Gordon L. Taft, American Instrument Company, Inc., Silver Spring, Mary- 
land, provided valuable assistance with this procedure. 
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and 20 ml. of H,O. The kynurenic and xanthurenic acids were then eluted 
with 396 ml. of H,O. The entire procedure‘was carried out under gravity 
flow rates. 4 ml. of 0.5 m phosphate buffer (pH 7.4) were added to each 
sample to make a total volume of 400 ml. (pH 7.4 + 0.1). 

Fluorometric Determination of Kynurenic Acid—From 1 to 6 ml. of the 
water effluent from the Dowex 50 were added to a 1 X 8 inch test tube and 
diluted to 6 ml. with 0.005 m phosphate buffer (pH 7.4). Then 4.0 ml. of 
concentrated H.SO, (sp. gr. 1.84) were slowly added to each tube, mixed, 
and cooled in a water bath. The fluorescence remained stable for 2 hours, 
and the samples were read in 1 hour. A reference standard was prepared 
by diluting 1 ml. of 3.22 X 10-* m kynurenic acid to 400 ml. in 0.005 m 
phosphate buffer, and 1 ml. of this solution was diluted to 6 ml. with the 
0.005 m buffer before addition of 4 ml. of concentrated H2SO,. The samples 
and the reference standard (8.05 X 10-7 m kynurenic acid) were read in 
the spectrophotofluorometer. The activating wave length was set at 340 
mu, and the fluorescence wave length selected was 435 my. Maximal 


- readings for solutions of synthetic kynurenic acid were obtained under 


these conditions. The No. 5 slit arrangement was used with the meter 
multiplier switch of the photomultiplier set at 1.0. When many samples 
were to be read, the sensitivity was adjusted so that the reading of the 
reference standard remained constant. 

Fluorometric Determination of Xanthurenic Acid—The reference standard 
(8.05 X 10-* m) of xanthurenic acid was prepared in 0.005 m phosphate 
buffer (pH 7.4) in a manner similar to that used for kynurenic acid. 1 ml. 
of reference standard or 0.1 to 5 ml. of the column effluent were diluted to 
5 ml. with 0.005 m phosphate buffer in 15 ml. centrifuge tubes, and 5 ml. of 
saturated aqueous NaOH were added. The contents of the tubes were 
mixed and centrifuged for 5 minutes in a clinical centrifuge. The fluores- 
cence remained stable for at least 2 hours, but readings were routinely 
taken at 1 hour. Maximal fluorescence of xanthurenic acid was obtained 
at 530 my by activating at 370 my. Readings were taken with slit arrange- 


ment No. 5 with the meter multiplier knob set at the 0.1 position. The 


sensitivity knob was utilized to keep the reading of the reference standard 
constant. 

In the determination of either kynurenic or xanthurenic acid blank 
values were obtained by using 0.005 m phosphate buffer, to which was 
added H.SO, or saturated NaOH, respectively. In either method standard 
curves revealed a linear relationship between concentration of the quinoline 
compound and fluorometric readings. 


* Recent studies have indicated that the phosphate buffer may be eliminated. 
However, the presence of the buffer appeared to increase slightly the stability of the 
fluorescence of each compound. 
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Results 


The fluorescence spectra of the compounds under consideration have 
been shown in Figs. 1 to 6. The fluorometric readings obtained in Figs. | 
to 6 were similar in magnitude to the readings obtained during analysis of 


ACT. 340 my 


300 S00 700 


Fics. 1 to 6. The fluorescence spectra of the three quinoline compounds in strong 


H.SO, (Figs. 1 to 3) and in strong alkali (Figs. 4 to 6). 


Figs. 1 to 6 represent the reagent blank and a solution of the synthetic compound. 
The concentrations of kynurenic and xanthurenic acids in the H2SO, solutions were 
8.05 XK 10-7 m, and the concentrations in NaOH were 4.03 K 10-§m. The concen- 
tration of methyl xanthurenic acid in either solution was one-fiftieth that of the 


other two compounds. 


The scale of the oscillograph supplied with the Aminco-Bowman spectrophoto- 
fluorometer was modified as shown to make photographic recording of the fluores- 


cence spectra more satisfactory. 


700 


The two curves shown in 
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24 hour urine samples from subjects with no known disease after ingestion 
of 2.0 gm. of L-tryptophan. The amount of the 8-methyl ether of xan- 
thurenic acid present in such urines could be estimated only approximately, 
but even 10 times the concentrations of the methyl ether used in Figs. 1 
to 6 failed to affect the determinations of kynurenic or xanthurenic acid. 
Both kynurenic acid and the 8-methyl] ether of xanthurenic acid had some 
effect on the scatter peak obtained at these concentrations in NaOH, 
probably as a result of slight fluorescence of these compounds, but they did 
not produce appreciable fluorescence at 530 mu. 

The use of KOH instead of NaOH resulted in somewhat more fluores- 
cence with xanthurenic acid, but the scatter peak was greatly increased. 
Sulfuric acid was preferable to nitric, hydrochloric, perchloric, formic, or 
acetic acid for development of the fluorescence of kynurenic acid. Con- 
centrations of HaSO, or NaOH other than those used in the analytical 
methods gave less satisfactory results. 

Other fluorescence spectra were obtained with mixtures of kynurenic 
and xanthurenic acids to simulate ratios of these compounds found in 
human urine. In solutions containing xanthurenic acid and kynurenic 
acid in ratios of up to 15, which represents the highest ratio found in studies 
on several hundred patients with a variety of clinical conditions, there was 
no interference in the kynurenic acid determination. Ratios of kynurenic 
acid-xanthurenic acid up to 1 did not affect the fluorescence spectra of 
xanthurenic acid in alkali. With higher ratios there was some fluorescence 
contributed by kynurenic acid. At kynurenic acid-xanthurenic acid ratios 
of 2, 5, 10, and 15, the readings for xanthurenic acid in alkali were 7, 20, 
62, and 72 per cent too high, respectively. Since ratios above 5 have rarely 
been encountered in these laboratories, the interference of kynurenic acid 
in the determination of xanthurenic acid in human urine would probably 
be of little significance in routine studies. 

Table I gives some data which compare the fluorometric determination 
of kynurenic acid with the spectrophotometric method (6) and the deter- 
mination of xanthurenic acid with the fluorometric method as compared 


_ with the colorimetric method (8). About 50 urine samples were analyzed 


by the comparative methods, and representative examples have been se- 
lected for discussion. These analyses were made shortly after the devel- 
opment of the fluorometric procedure, and the recoveries with the new 
procedure have recently been considerably less variable than those shown 
in Table I. 

In general the two methods of kynurenic acid determination gave com- 
parable results and satisfactory recoveries of added kynurenic acid over a 
wide range of values. 

The fluorometric method for xanthurenic acid gave values which showed 
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little resemblance to those obtained by the colorimetric procedure (Table I). 
The colorimetric procedure gave values from 1.5 to 20 times those obtained 
by the fluorometric procedure. Since the recoveries of added xanthurenic 


TABLE I 
Comparison of Fluorometric Determination of Kynurenic and Xanthurenic Acids with 
Another Analytical Method 
The values represent micromoles of metabolite found in a 24 hour urine sample, 
with the recoveries in per cent. 


Kynurenic acid method 

Fluorometric Spectrophotometric (6) 

Urine No. 
KA* Recovery KA* Recovery 

42-80-3 8.9 100 10.8 98 
42-80-4 47.3 92 51.9 96 
42-70-1 7.3 109 8.4 96 
42-70-2 44.5 94 45.8 98 
42-74-10 12.0 97 13.9 94 
42-74-11 149.0 97 142.8 97 
32-198-7 8.9 92 8.9 96 
32-198-8 32.0 83 33.5 97 
42-74-6 466 97 481 94 

Xanthurenic acid method 

Fluorometric Colorimetric (8) 
Urine No. 

XA* Recovery XA* Recovery 

42-80-3 5.2 100 101 96 
42-80-4 17.4 100 134 90 
42-70-1 3.4 97 24 98 
42-70-2 15.8 99 44 99 
42-74-10 9.1 99 61 44 
42-74-11 25.2 97 53 35 
32-198-7 6.2 85 40 87 
32-198-8 34.4 83 97 86 
32-166-5 608 93 918 105 


* KA = kynurenic acid, and XA = xanthurenic acid. 


acid were generally good with both procedures, it was concluded that the 
lower (fluorometric) values more nearly represented the true levels of 
xanthurenic acid excretion. Furthermore, urine samples containing large 
quantities of ethylenediaminetetraacetic acid could not be analyzed by the 
colorimetric method (19) because of extremely low recoveries of added 
xanthurenic acid (samples of Urines 42-74-10 and 42-74-11, Table I), 
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although there was no evidence of interference by the chelating agent with 
fluorometric determinations on these samples. 


DISCUSSION 


The fact that two such different analytical methods as the spectrophoto- 
metric (6) and the new fluorometric methods for kynurenic acid determina- 
tion gave such similar values on the same samples indicated that both 
methods probably may be regarded as reliable. However, the fluoro- 
metric method has proved to be considerably less time-consuming and has 
the advantage that xanthurenic acid may be measured in the same effluent. 

It appears that routine determination of urinary kynurenic acid excre- 
tion by man may be of value in studies on tryptophan metabolism. This 
metabolite and N-methyl-2-pyridone-5-carboxamide were excreted in 
larger quantities after a test dose of 2 gm. of L-tryptophan than any other 
metabolite studied (20). Furthermore, it has been found that patients 
with scleroderma (acrosclerosis) excreted normal levels of xanthurenic acid 
but very abnormal quantities of kynurenic acid after ingestion of L- 
tryptophan (19). 

The fluorometric method for xanthurenic acid has proved, in these 
laboratories at least, far superior to the colorimetric method used previously 
(8). It would appear that xanthurenic acid occurs in all samples of human 
urine in quantities comparable to those of kynurenic acid (Table I). Pre- 
vious studies revealed xanthurenic acid in all samples of human urine if 
the water effluent from Dowex 50 was concentrated in vacuo and subjected 
to paper chromatography (14). Xanthurenic acid should, therefore, no 
longer be referred to as an “abnormal” metabolite of tryptophan, since it 
appears to be excreted in increased quantities when the amino acid is 
given to normal subjects and was found in all of the normal human urine 
samples studied. | 

The use of an Aminco-Bowman spectrophotofluorometer may not be 
necessary for the fluorometric analyses. The kynurenic acid samples may 
be read in the Coleman model No. 12 fluorometer without any modifica- 
tion of the procedure if one uses the B-1 and PC-1 filters. The xanthurenic 
acid procedure could not be used with any combination of the B-1, B-2, 
PC-1, and PC-2 filters available with the Coleman fluorometer available 
in these laboratories. However, suitable filters probably could be adapted 
for this purpose. 

The other quinoline derivatives which have recently been detected in 
human urine did not interfere with either method. Thus, quinaldic acid 
(15) was not eluted from the columns. The 8-methy] ether of xanthurenic 
acid (14) and 8-hydroxyquinaldic acid (16) was eluted but did not inter- 
fere with the fluorometric procedures. 


ed 

nic 

of 
re 

e 

), 


788 KYNURENIC AND XANTHURENIC ACIDS 


Many attempts were made to measure the 8-methyl ether of xanthurenic 
acid fluorometrically.!_ This compound had maximal fluorescence at about 
pH 9 and little or no fluorescence below pH 2 or above pH 12. At pH 9, 
xanthurenic acid was found to contribute considerable fluorescence, and 
at pH 7.4 and below there was much interference by kynurenic acid. It 
was found that the extent of interference of kynurenic acid in the fluores- 
cence of the 8-methyl ether of xanthurenic acid depended upon both the 
absolute quantities and the relative ratios of the two compounds. Mikx- 
tures of the two failed to yield the calculated fluorometric readings of the 
sum of the separate values. Thus, it was difficult to obtain reliable values 
for the 8-methy] ether of xanthurenic acid. 

With the fluorometric method for the determination of kynurenic acid 
one may readily analyze six samples in duplicate daily, although the method 
previously reported for kynurenic acid (6) was limited to four samples in 
duplicate daily. In addition, values for xanthurenic acid were also ob- 
tained in the fluorometric determination. The other main advantage of 
the new procedure was the fact that the fluorometric method for xan- 
thurenic acid apparently yielded much more reliable values than those 
obtainable with a colorimetric procedure. 


SUMMARY 


A fluorometric method for the determination of urinary kynurenic and 
xanthurenic acids has been described. The compounds were eluted 
simultaneously from Dowex 50 (H*) by washing with water. The kynu- 
renic acid was rendered fluorescent by strong sulfuric acid, and xanthurenic 
acid was read in strong alkali. Recoveries usually ranged from 90 to 105 
per cent, and six samples could readily be analyzed for the two compounds 
in duplicate daily. The new fluorometric method provides a simplified 
procedure for kynurenic acid determination and a considerably more 
specific method for urinary xanthurenic acid. 


The preliminary studies on the xanthurenic acid method were made by 
Dr. Hitoshi Takahashi. The assistance of Mrs. Judith Linnane is grate- 
fully acknowledged. Mr. Linwood W. Dodge gave valuable assistance 
with the photographic recording of the fluorescence spectra. 
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STUDIES ON THE METABOLISM OF LACTALDEHYDE* 
III. BY ALCOHOL AND ALDEHYDE DEHYDROGENASE 


By ROBERT P. SANDMANT anv O. NEAL MILLER 


(From the Department of Biochemistry and the Nutrition and Metabolism Research 
Laboratory, Department of Medicine, Tulane University School of Medicine, 
New Orleans, Louisiana) 


(Received for publication, July 29, 1957) 


In a preceding paper (1) it was shown that a bakers’ yeast cell prepara- 
tion reduces lactaldehyde to propanediol and also oxidizes it to lactic acid. 
It seemed possible that the former reaction might be catalyzed by alcohol 
dehydrogenase and the latter by aldehyde dehydrogenase. Barron and 
Levine (2) reported that alcohol dehydrogenase would react with allyl 
alcohol, n-propyl alcohol, n-butyl alcohol, n-amyl alcohol, and isopropyl 
alcohol in addition to ethanol, and, at higher enzyme concentrations, 
activity was observed with ethylene glycol, isobutyl alcohol, methyl al- 
cohol, sec-butyl alcohol, octyl alcohol, and glycerol. Black (3) has shown 
that propionaldehyde and glyceraldehyde, both similar in structure to 
lactaldehyde, are capable of reacting in the aldehyde dehydrogenase 
system. 

The experiments reported demonstrate that both alcohol dehydrogenase 
and aldehyde dehydrogenase can utilize lactaldehyde as substrate. 


EXPERIMENTAL 


The preparation of pt-lactaldehyde has been described previously (4, 5). 
Acetol was prepared from the acetate ester by the method of Urion (6). 
Propanediol, glycerol, acetaldehyde, and ethanol were redistilled before 
being used. Solutions of substrates were prepared by weighing the com- 
pound and diluting with distilled water to the desired concentration. The 
solution of acetol was assayed by the indirect colorimetric method of 
Huggins and Miller (7). 

Alcohol dehydrogenase (from yeast) and lactic acid dehydrogenase 
(from rabbit muscle) were obtained from the Nutritional Biochemicals 
Corporation, and their activities were determined by the methods of 
Racker (8) and Kornberg (9), respectively. Potassium-activated alde- 

* This work was supported by the Division of Research Grants and Fellowships, 
son Institutes of Health, United States Public Health Service (grant No. 

t Present address, Department of Biochemistry, Istituto Superiore di Sanita, 
Rome, Italy. 
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hyde dehydrogenase was prepared in this laboratory and assayed accord- 
ing to the method of Black (3). The Beckman model DU spectrophotom- 
eter was used for optical density measurements in observing enzyme 
activities. 

Results 


The effect of alcohol dehydrogenase and reduced diphosphopyridine 
nucleotide (DPNH*) on lactaldehyde and acetol is shown in Fig. 1. The 
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Fic. 1. The effect of alcohol dehydrogenase and DPNH* on the reduction of 
acetaldehyde, lactaldehyde, and acetol. Each cuvette contained 0.5 ml. of sodium 
pyrophosphate buffer, 0.06 mM, pH 8.5; 0.1 ml. of DPNH*, 0.0015 m; 0.1 ml. of substrate, 
3 M (in the case of lactaldehyde 1.0 ml. of 0.3 m); and distilled water to make a volume 
of 2.9ml. At zero time, 0.1 ml. of enzyme, dissolved in 0.01 mM potassium phosphate 
buffer, pH 7.5, containing 0.1 per cent bovine albumin, was added to each cuvette. 
The figures following the substrate designation give the units of enzyme added. 


plot also shows the reaction with acetaldehyde under similar conditions 
for comparison. Lactaldehyde in the presence of 460 and 1150 units of 
enzyme was 15 per cent and 9 per cent, respectively, as active as acetalde- 
hyde. Acetol, even at a high enzyme concentration, did not react with 
the enzyme. The effect of alcohol dehydrogenase and oxidized diphos- 
phopyridine nucleotide (DPN) on propanediol and acetol is shown in Fig. 
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2. Under these conditions, and in the presence of relatively large amounts 
of enzyme, acetol was oxidized; its activity, however, was only 4.5 per 
cent that of ethanol. Even at a high concentration of enzyme propanediol 
was inactive. Alcohol dehydrogenase and DPN did not oxidize lactalde- 
hyde. No oxidation occurred even with 2500 units of enzyme. 


~O.3b ETHANOL (620) 
* 
bs 
ACETOL (1150) 
2 
| ,2-PROPANEDIOL (1250) 


15 30 45 60 75 90 120 
TIME IN SECONDS 


Fic. 2. The effect of alcohol dehydrogenase and DPN on the oxidation of ethanol, 
acetol, and propanediol. These experiments were set up in the same manner as those 
exemplified in Fig. 1 except that DPN was substituted for DPNH*. The figures 
following the substrate designation give the units of enzyme used. 


A comparison was made of the ability of acetaldehyde and lactaldehyde 
to react with aldehyde dehydrogenase and DPN (Fig. 3). As the con- 
centration of lactaldehyde increased, its activity relative to that of acetalde- 
hyde also increased. At a concentration of 2.6 K 107-5 m, lactaldehyde 
was 8 per cent as active as acetaldehyde, whereas at 3.5 X 10-* m it was 
41 per cent as active. Under the conditions of these experiments it was 
determined that the Michaelis constant of this enzyme for acetaldehyde 
was approximately 5.7 X 10-5 as compared to 5.7 X 10~ for lactaldehyde. 
Neither lactic acid nor acetic acid could be reduced to its respective alde- 
hyde in the presence of DPNH*+ and the enzyme. 

It was demonstrated previously (1) that yeast cells incubated with 
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794 METABOLISM OF LACTALDEHYDE. _III 
lactaldehyde as a substrate formed both lactate and propanediol. The 
results obtained here suggest that alcohol dehydrogenase and aldehyde 
dehydrogenase were responsible for this dismutation type of reaction. 
An attempt was made to couple the reactions catalyzed by these two de- 


hydrogenases and thus produce an over-all reaction analogous to that 


ACETAL DEHYDE 


LACTAL DEHYDE 


INITIAL INCREASE IN OPTICAL DENSITY PER MINUTE 


5 1O is 20 25 30 35 
MOLAR SUBSTRATE CONCENTRATION x 105 


Fic. 3. The effect of substrate concentration on the oxidation of acetaldehyde 
and lactaldehyde by aldehyde dehydrogenase. Each cuvette contained 0.06 ml. of 
cysteine, 0.05 mM, pH 7.6; 0.30 ml. of tris(hydroxymethyl)aminomethane-HC] buffer, 
1.0 m, pH 8.0; 0.10 ml. of KCl, 3.0m; 0.15 ml. of DPN, 0.01 m, pH 7.5; 0.03 ml. of 2- 
mercaptoethanol, 0.10 m; 0.10 ml. (48 units) of enzyme solution made up in 5 per 
cent sodium nucleate-0.1 mM potassium phosphate-0.001 m cysteine, pH 6.0. Distilled 
water was added to give a final volume of 3.0ml. At zero time the appropriate vol- 
ume of 0.0075 m substrate solution was added. 


observed with whole yeast cells. An incubation mixture (6.5 ml.) was 
prepared which contained 0.5 ml. of potassium sulfate, 0.5 m; 0.75 ml. of 
tris(hydroxymethyl)aminomethane-HCl buffer, 1.0 m, pH 8.0; 0.05 ml. 
of 2-mercaptoethanol, 1.0 m; 0.05 ml. of cysteine, 0.1 mM, pH 7.6; 0.05 ml. 
of 35 per cent bovine albumin; 0.10 ml. (120,000 units) of alcohol dehydro- 
genase; and 5.0 ml. (14,800 units) of aldehyde dehydrogenase solution. 
1274 umoles of lactaldehyde and 4.0 mg. of DPN were added as solids 
and dissolved in the reaction mixture, which was then incubated for 16 
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hours at room temperature. The reaction mixture was inactivated by 
the addition of 3.5 ml. of saturated barium -hydroxide. The mixture was 
filtered, and 5 ml. of the filtrate were passed through a column (1 cm. in 
diameter X 8 cm. in length) of cation exchange resin in acid form (Dowex 
50 X-12, 200 to 400 mesh), and then lactaldehyde, propanediol, and lac- 
tic acid were isolated by use of ion exchange resin columns as described 
previously (5). The results show that 102 umoles of propanediol and 94 
ymoles of lactate were formed, thus indicating that lactaldehyde can 
undergo a dismutation type of reaction. This reaction, catalyzed by 
aldehyde dehydrogenase and DPN, forms lactate and DPNHt?, and the 
latter, in turn, is used by alcohol dehydrogenase for the formation of pro- 
panediol from lactaldehyde. 


DISCUSSION 


The data presented support the view that formation of propanediol from 
lactaldehyde, as observed in a whole yeast cell preparation, is due to the 
action of alcohol dehydrogenase. The inability of large amounts of enzyme 
to effect the reverse reaction explains why no lactaldehyde was detected in 
extracts of the whole cell preparation when propanediol was used as sub- 
strate (1). Barron and Levine (2) reported that very large amounts of 
enzyme oxidized glycerol and ethylene glycol, and it is possible that pro- 
panediol might also have been oxidized if the concentration of enzyme had 
been increased to much higher levels than those used in these experiments. 
The conversion of acetol to propanediol by the intact yeast cells (1) is 
probably not due to the action of alcohol dehydrogenase, because relatively 
high enzyme concentrations with DPNH* reduced no acetol. On the 
other hand, acetol was oxidized in the presence of alcohol dehydrogenase 
and DPN. The product of this reaction is presumably methylglyoxal, 
although none was observed in the whole cell preparation (1) when acetol 
was used as substrate. Because acetol is only 4.5 per cent as active as 
ethanol in the alcohol dehydrogenase system, its oxidation to methyl- 
glyoxal by this enzyme was negligible in the whole cell preparation. 

That lactic acid formation from lactaldehyde by yeast might be due to 
the action of aldehyde dehydrogenase is supported by the data presented. 
The enzyme was prepared from the same strain of yeast as that used in 
the metabolic studies with whole cells (1). The inability of aldehyde 
dehydrogenase to reduce lactic acid is not surprising in view of the fact 
that acetic acid also is not reduced. The irreversibility of this reaction 
explains the failure to detect lactaldehyde production by living yeast cells 
when lactate was used as a substrate under both aerobic and anaerobic 
conditions (1). 

The possibility that the reversible conversion of propanediol to acetol 
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was catalyzed by glycerol dehydrogenase has been suggested (1). Burton 
(10) showed that this enzyme from Aerobacter aerogenes catalyzes the oxida- 
tion of 1 ,2-propanediol as efficiently as glycerol. An attempt was made to 
prepare glycerol dehydrogenase from bakers’ yeast, but no activity was 
found. The method of preparation used was adapted from the one used for 
A. aerogenes (10). Possibly the failure to detect glycerol dehydrogenase 
activity in yeast was due to differences in the properties of the enzyme from 
the two sources. It is conceivable that the presence of this enzyme could 
be demonstrated by altering the purification procedure, because it has 
been pointed out that the activity of glycerol dehydrogenase in crude 
preparations may be masked by pyridine nucleotide oxidase activity until 
further purification has separated the two systems (10). 


SUMMARY 


By using purified enzyme systems, in the presence of reduced diphospho- 
pyridine nucleotide (DPNH*), it was shown that lactaldehyde was reduced 
by alcohol dehydrogenase. It possessed from 9 to 15 per cent of the 
activity of acetaldehyde. Under similar conditions, acetol was not re- 
duced. The oxidation of propanediol to lactaldehyde by alcohol dehy- 
drogenase and DPN did not occur even at relatively high enzyme con- 
centrations. Lactaldehyde was not oxidized by this system although 
acetol was oxidized. 

Aldehyde dehydrogenase-DPN system was able to oxidize lactaldehyde 
to lactic acid although the reverse reaction did not occur. 
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SUBTLE INTERACTIONS OF CUPRIC ION WITH NUCLEIC 
ACID AND COMPONENTS* 


By EARL FRIEDEN anp JEANNE ALLES 
(From the Department of Chemistry, Florida State University, Tallahassee, Florida) 


(Received for publication, May 24, 1957) 


In a study of the mechanism of activation of the copper enzyme, as- 
corbic acid oxidase, it was observed that most compounds which activate 
this enzyme have the common property of forming complex compounds 
with cupric ion (1-3). Among these activating substances were ribonucleic 
acid,! deoxyribonucleic acid, and certain of their constituents. These 
substances showed a surprisingly strong affinity for cupric ion which has 
not been emphasized by earlier reports on such interactions (4-6). We 
have therefore examined the interaction of cupric ion and nucleic acid 
and certain of its components in order to compare the intensity of these 
interactions with other chelators of biological origin. The availability of 
many purified fragments of RNA and DNA permitted an analysis of the 
structural specificity of these reactions. 

The strength of the interaction of cupric ion with RNA, DNA, and their 
constituents may indicate an important role of these compounds in the 
biochemistry of trace elements such as copper. Similarly, these inter- 
actions may be of significance in assessing the biological role of RN A and 
DNA. 


EXPERIMENTAL 
Materials 
Standard cupric ion was prepared from a carefully analyzed sample of 
CuO, dissolved in 10 Nn HCl, boiled to reduce the HCl concentration, and 
neutralized with an NaOH solution which had been stored in a plastic 
bottle. The DNA, deoxynucleotides, and deoxynucleosides were ob- 
tained from the California Foundation for Biochemical Research. The 


RNA used was a purified sample generously given by Dr. Elliot Volkin 
of the Biology Division of the Oak Ridge National Laboratory. Most 


* Supported in part by a grant, No. G-1037, from the National Science Founda- 
tion. Presented in part at the meeting in miniature of the American Chemical So- 
ciety, in St. Petersburg, Florida, May, 1954. The assistance of Barbara Naile in 
some of this work is gratefully acknowledged. 

1The following abbreviations are used: RNA, ribonucleic acid; DNA, deoxy- 
ribonucleic acid; EDTA, ethylenediaminetetraacetic acid; GMP, guanylic acid; de- 
oxy-GMP, deoxyguanylic acid; deoxy-CMP, deoxycytidylic acid. 
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of the ribose derivatives were purchased from the Nutritional Biochemicals 
Corporation. Other chemicals were obtained as described previously 
(1-3). 

Some difficulty was encountered in preparing even very dilute neutral 
solutions of several of the purines. Small amounts of alkali and gentle 
warming were used to aid solution. Unless this was done carefully, de- 
composition was possible. 

The molarity of RNA and DNA is expressed in terms of the average 
molecular weight of a single nucleotide unit of each. 


Methods 


__ Interaction between cupric ion and various substances was studied by 

their effect on the catalysis of the oxidation of ascorbic acid by cupric 
ion. Conditions for this reaction have been previously described for 
the study of copper complex formation by various biologically important 
compounds (3). The rate of cupric ion catalysis was determined at 30.0° 
+ 0.1° by conventional Warburg technique with air as the gas phase and 
0.0100 m sodium phosphate buffer, pH 7.2. The final pH was 7.0 + 0.2. 


As previously described (3), glass-redistilled water was used to diminish 


catalysis of ascorbate oxidation by extraneous ions. Other substances, 


when used, were added to the main compartment along with the cupric | 
ion. Ascorbate, freshly neutralized and sufficient to form a final con- | 


centration of 0.0133 mM, was placed in the side arm. Blanks with ascorbate 


but no cupric ion were included in all experiments and the data discarded | 


if more than 10 ul. of oxygen were consumed, an indication of unexpected 
contamination. 

A representative experiment showing the effect of two nucleotides on 
the cupric ion catalysis of ascorbate oxidation is illustrated in Fig. 1. In 
the presence of 5.0 X 10-* m cupric ion, a substantially linear rate of oxy- 


gen uptake is usually observed. Reduction in oxygen consumption was | 


noted with guanylic acid at 10-5 m, and deviation from linearity was also 
encountered. Almost complete inhibition of oxygen uptake was found 
with 10-5 m deoxyguanylic acid. 

For brevity, all subsequent data are presented in a more compact form. 
The per cent inhibition of cupric ion catalysis was calculated from the 
equation 

A—B 


Per cent inhibition of cupric ion catalysis = xX 100 


where, A = microliters of oxygen consumed with 5.0 X 10-* m Cut in 30 


minutes and B = microliters of oxygen consumed with 5.0 X 10-* m Cu* | 


and test compound in 30 minutes. 


0 

| 
| i 
8 
i 
I 


ss 


+s 


E. FRIEDEN AND J. ALLES 799 


No attempt was made to estimate stability constants for the various 
interacting reagents. This is due to the complexity of this reaction as a 
function of cupric ion concentration as emphasized previously by Joslyn and 
Miller (7) and to the undetermined stoichiometry of complex formation. 
Deviations of the reactions from linearity such as those encountered in 
Fig. 1 would also make such calculations questionable. 


250; 
200: 
5 X 1072 

150: 

Cu"+GUANYLIC ACID 
1X 10°S M 

50: 
4 DEOXYGUANYLIC ACID 


1x M 


TIME IN MINUTES 

Fic. 1. The inhibition of the cupric ion catalysis of ascorbate oxidation by two 
nucleotides. Initial concentrations in 3.00 ml. of reaction volume at 30.0° included 
0.0133 m ascorbate and 0.100 m phosphate buffer, pH 7.2. 


RESULTS AND DISCUSSION 


The ability of RNA, DNA, and their components to prevent cupric 
ion catalysis of ascorbate oxidation is shown in Figs. 2 and 3. The per 
cent inhibition of cupric ion catalysis has been plotted as a function of 
the log of the molarity of the complex-forming agent. These results are 
best considered together and in conjunction with Fig. 4. and Table I. An 
examination of these data permits a number of generalizations about the 
interaction of cupric.ion and nucleic acid constituents as measured by this 
technique. 

Range of Interactions between Cupric Ion and Nucleic Acids and Con- 
stituents—A wide range of interactions was observed, varying from complete 
inhibition of cupric ion catalysis by adenine at 2.5 X 10-® m (a molar ratio 
of cupric ion to adenine of 2) to uridylic acid which shows no effect at 10- 
M. Some of the components of the nucleic acids are thus established as 
powerful chelators of cupric ion, superior to EDTA (see Fig. 4) and cyanide. 
In fact, although the quantitative data reported in this paper were obtained 
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Fic. 2. Inhibition of cupric ion catalysis of ascorbate oxidation by RNA and its 
components. The logarithm of the concentration of the ribose compound comprises 
the horizontal axis. The conditions are the same as in Fig. 1. 
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Fie. 3. Inhibition of cupric ion catalysis of ascorbate oxidation by DNA and 
its components. The logarithm of the concentration of the deoxy compound com- 
prises the horizontal axis. The conditions are the same as in Fig. 1. 


with 5 X 10-* m cupric ion, interactions have been observed with still 
lower concentrations of cupric ion. The complex-forming power of the 
nucleotides is far superior to that of most amino acids and equal, if not 
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superior, to that of many proteins.2. Of a number of amino acids studied,’ 
the only ones which affect cupric ion under these conditions at concentra- 
tions in the 10~* m range are histidine, tryptophan (see Table I), the sulfur 
amino acids, and the thyroxine series (3). Similar data on amino acids 
have been reported earlier (8, 9). 

Relative Effect of Adenine and Guanine Derivatives—A_ reversal of the 
order of cupric ion complex formation for the adenine and the guanine 
series (adenine > guanine, but guanylic acid > adenylic acid and gua- 
nosine > adenosine, etc.) is noted in Figs. 2 and 3. This may be accounted 
for by postulating the interference of the sugar moiety with the approach 
of the cupric ion to carbon 6 in the purines or by the increased ammonium 
ion character of the 6-amino group of adenine. 


ALYSIS 


7 INHIBITION OF CAT 


MOLARITY 


Fic. 4. Comparison of the effect of several DNA and RNA compounds on cupric 
ion catalysis. Note that horizontal axis refers to a linear plot of the pentose. The 
broken line represents data obtained for EDTA, as described previously (2). 


Effects of Various Ribose Derivatives—Interactions with cupric ion by 
members of the ribose series is given in Fig. 2 and Table I. The order of 
ability to chelate cupric ion observed was purines > purine ribonucleotides 
> purine ribonucleosides > pyrimidine ribonucleotides. The polymers, 
DNA and RNA, are found between the corresponding guanylic and 
adenylic acids. However, there may be an added effect due to the presence 
of the nucleotides in polymeric form, since there are also relatively inef- 
fective pyrimidine nucleotide units in both RNA and DNA. 

As shown in Table I, sugar phosphates are relatively poor inhibitors 
of the cupric ion catalysis. Previously, it has been shown that the free 
sugars affect ascorbate oxidation at only very high concentrations (6). 

*K. Frieden, unpublished data. Further quantitative studies of the effect on 


cupric ion catalyses of a wide range of amino acids, proteins, and other chelators of 
biological origin are in progress. 
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Thus the presence of the pentose appears to interfere uniformly with 
cupric ion interactions, perhaps sterically hindering the approach of the 
cupric ion to the purine portion of the nucleoside or nucleotide. The 
superiority of the purine nucleotides to the purine nucleosides must be 
due to either an auxiliary role of the phosphate group in chelation or to 
the effect of the phosphate on the acidity or the shielding of the Ce sub- 
stituent. In this connection it is of interest to note the evidence of Leve- 


TaBLE I 
Inhibition of Cupric Ion Catalysis by Additional Compounds 
The reaction conditions are as described in the text and in Fig. 1. 


Molarity 
Compound 


1 X 10-83 K 10-81 10-53 K 10-51 K 10-43 K 10-41 K K 10-91 X 107 


2,6-Diaminopurine....| 17 88 98 
Xanthine............| 16 46 | 100 
Hypoxanthine.........} 16 36 99 
Xanthosine.......... 15 40 
Adenosine triphos- 
49 
30 
Inosinic acid......... 11 
Cytosine.............. 
Riboflavin. .......... 
5’-phos- 
Ribose 5-phosphate. .. 0 
Glucose 6-phosphate. . 5 
Glycylglycine........ 15 
Tryptophan........... 
Histidine. ............ 


& 


31 


SS o & 


35 


dahl and James (10) for the interaction of the Ce-amino group of adenine 
and the phosphate groups of the adenosine polyphosphates. 

An alternative explanation for the greater effect of the purines may rest in 
the production of highly insoluble copper compounds which would greatly 
reduce the availability of free cupric ion. As emphasized earlier, the 
free purines are by far the least soluble of the nucleotide components. 
However, no evidence for insoluble copper purine salts was noted visually. 

Comparative Effects of Deoxyribose and Ribose Compounds—Deoxy deriva- 
tives interact with cupric ion more strongly than do the corresponding 
ribose compounds. However, the same relative order was observed 
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within the deoxy series as in the ribose series discussed above. This is 
best seen in Fig. 4 in which a direct comparison has been made. The 
straight line nature of these plots, in contrast to the curvatures noted 
for these compounds in Figs. 2 and 3, is apparently due to the difference 
in the horizontal axes. Since it is not believed that the sugar moiety plays 
a direct role in cupric ion chelation, the variable effect of the two pentoses 
may be due to a modification in the structure of the particular type of 
nucleotide. ‘This might also be reflected in some of the well known dif- 
ferences in the structures of RNA and DNA. 

Structure of Copper-Nucleotide Chelates—The large differences between 
the effectiveness of the purine compounds compared to that of the py- 
rimidine derivatives makes it likely that the primary site of cupric ion 
chelation for the adenine and guanine derivatives, respectively, may be 
represented as 


H,N----- Cut* HO-----Cut+ 


These structures are consistent with the general description of copper 
chelates as summarized by Martell and Calvin (11). The importance of 
position 7 (Nz) in cupric ion complex formation has also been noted by 
Giri and Seshagiri Rao (5), who did not find any effect on cupric ion cata- 
lysis by the N7-methylated substituted purines, caffeine and theobromine. 
A closely related purine with N;-free theophylline was inhibitory. 

These favored sites may not be the only locus of cupric ion interaction, 
since there is some evidence for the combination of more than 1 atom of 
copper per molecule of adenine. For example, from the data in Fig. 2, 
it may be noted that 2.5 X 10-* m adenine completely eliminates the effect 
of 5 X 10-* m cupric ion. (Under the same conditions the molar ratio of 
cupric ion to EDTA and guanine and deoxyguanylic acid for complete 
inhibition is 1.) Alternative sites for copper binding may include Ni and 
N; in somewhat less stable bonding. 

Significance of Cupric Ion-Nucleic Acid Interactions—The intensity of 
the interactions between cupric ion and the nucleic acids and some of their 
constituents suggests that these reactions may be germane to the bio- 
logical function of nucleic acids in tissue. Zittle (12) has noted the dif- 
ficulty in removing copper ion from commercial RNA. These RNA 
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preparations retained sufficient copper ion to inhibit RNAse. Activation 
of ascorbic acid oxidase by nucleic acid and components has been pre- 
viously reported (2). It is conceivable that other metal enzymes may 
have their activity affected by nucleic acid and related compounds. In 
testing this possibility, we have already noted that RNA inhibited the 
eatecholase activity of the copper enzyme, tyrosinase.* The nature of 
this inhibition is being studied further. 

One possible point of confusion remains in the work of Tadokoro and 
Takasugi (13), who reported that copper ion-nucleic acid and copper 
ion-nucleotide complexes were capable of catalyzing ascorbic acid oxida- 
tion. We have found no evidence for the catalysis of ascorbic acid oxida- 


tion by related complexes produced over a wide range of nucleic acid or | 
nucleotide concentrations. On the other hand, the report of Tadokoro } 
and Takasugi (14) on the nucleoprotein nature of ascorbic acid oxidase 


has been discounted by Dawson and Tarpley (15). 


SUMMARY 


Subtle interactions between cupric ions and nucleic acids and their con- 
ponents have been observed by their inhibition of the cupric ion-catalyzed 


oxidation of ascorbate. The effectiveness of cupric ion chelation was | 
purine > purine nucleotide = RNA-DNA > purine nucleoside > py- | 
rimidine nucleotide. The deoxyribose derivatives were uniformly stronger | 
cupric ion chelators. The structure of these chelates and their possible | 


biological significance have been briefly discussed. 
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STUDIES ON THE METABOLISM OF LACTALDEHYDE 


IV. THE METABOLISM OF p-RHAMNULOSE-1-PHOSPHATE AND 
6-DEOXY-L-SORBOSE-1-PHOSPHATE* 


By PO CHAO HUANG? anv O. NEAL MILLER 


(From the Department of Biochemistry and the Nutrition and Metabolism 
Research Laboratory, Department of Medicine, Tulane University _ 
School of Medicine, New Orleans, Louisiana) 


(Received for publication, August 6, 1957) 


Studies on the metabolism of 1,2-propanediol-1-phosphate' suggested 
that it might be converted to lactic acid (1). The postulated pathway 
includes acetol phosphate and lactaldehyde phosphate as intermediates. 
It was thought that these phosphorylated 3-carbon metabolites, or their 
free forms, might participate in carbohydrate metabolism through the 
action of muscle aldolase in the presence of dihydroxyacetone phosphate. 
Although propanediol phosphate and acetol could not participate in the 
muscle aldolase reaction in the presence of fructose 1 ,6-diphosphate, 
which provided DHAP, pt-lactaldehyde did react and formed two methyl- 
pentose phosphates which are presumed to be p-rhamnulose-1-phosphate 
and 6-deoxy-L-sorbose-1-phosphate. The free sugars, p-rhamnulose and 
6-deoxy-L-sorbose, were isolated by Hough and Jones (2) from a reaction 
mixture containing crude aldolase from peas, FDP, and pt-LAD; however, 
no attempt was made to isolate them as phosphate esters or study their 
metabolic fate. 

The enzymatic synthesis of these two MP phosphates, their isolation, 
some of their properties, and studies on their metabolism in animal tissues 
are presented in this paper. p-Rhamnulose and 6-deoxy-L-sorbose are 
phosphorylated by homogenates of rat liver in the presence of adenosine 
triphosphate. . 

* Supported by the Division of Research Grants and Fellowships, National In- 
stitutes of Health, United States Public Health Service, grant No. H-1525; the Na- 
tional Vitamin Foundation, New York; the American Bureau for Medical Aid to 
China, New York; and the Williams-Waterman Fund of the Research Corporation, 
New York. 

t Present address, Institute of Public Health, School of Medicine, National 
Taiwan University, Taipei, Formosa, China. 

! The following abbreviations are used: PDP, 1,2-propanediol-1-phosphate; FDP, 
fructose 1,6-diphosphate; LAD, lactaldehyde; DHAP, dihydroxyacetone phosphate ; 
MP, methylpentose; RUP, p-rhamnulose-1-phosphate; DSP, 6-deoxy-L-sorbose-1- 
phosphate; ATP, adenosine triphosphate; and TCA, trichloroacetic acid. 
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EXPERIMENTAL 


Aldolase was prepared from rabbit muscle (3), and it crystallized as fine 
needles. The needles were collected and crystallized three times. Its 
activity was measured, pH 7.3, and the turnover number was calculated 
as 2200. The preparation still contained a little triosephosphate isomerase 
activity. For experiments, aldolase crystals were collected by centrifuga- 
tion, dissolved in a small amount of cold water, and dialyzed against 0.03 m 
KHCO; for 4 hours at 5°. FDP was purified according to the method 
described by Byrne and Lardy (4), DHAP was synthesized enzymatically,’ 
and LAD and PDP were synthesized in this laboratory (5). All other 
compounds were obtained from commercial sources. 

Methylpentoses and their phosphate esters were determined by the 
spectrophotometric method of Dische and Shettles (6). LAD was assayed 
by the method of Sandman and Miller (5), acetol by the fluorometric 
method of Huggins and Miller (7), and PDP by the method of Huggins 
and Miller (8). Phosphate was determined by the method of Fiske- 
Subbarow (9) and protein by the method of Stadtman et al. (10). The 
anthrone reaction (11) was used to follow the elution of hexose phosphates 
from ion exchange columns. Because all of the hexoses involved were 
ketoses, the cysteine-carbazole reaction (12) was used inasmuch as it can 
differentiate qualitatively between triose phosphate and hexose phosphate 
as they are eluted from the column. 


Schleicher and Schuell blue ribbon paper No. 589 was used for paper 


chromatography, as were also the following solvents: ethyl acetate 18, 
acetic acid 3, formic acid 1, water 4, v/v; benzene 169, ethanol 47, water 
15, v/v (top layer used). 2 per cent p-anisidine hydrochloride in ethanol 
and 1 per cent ammoniacal silver nitrate in methanol were used as spray 
reagents. 


Results 


Enzymatic Synthesis of Methylpentoses—A typical experiment was run as 
follows: 300 umoles of FDP (sodium), 400 umoles of pt-LAD, and 9 ml. of | 


crystalline aldolase solution (1 mg. per ml.) were incubated at 37° for 10 
hours. Enzymatic action was stopped at the end of the incubation by 
heating the reaction mixture in boiling water for 2 minutes. The de- 


natured protein was removed by centrifugation and the filtrate frozen until | 
used. The relationship between the FDP and LAD as compared to the | | 
formation of MP phosphates is shown in TableI. It was found that an in- 
crease in the relative concentration of FDP over that of LAD would force 4 
the reaction toward the formation of MP phosphates. The synthesis of | 


2 A generous gift from Dr. H. A. Lardy, University of Wisconsin. 
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MP phosphates was carried out at 37° to favor the formation of triose 
phosphate, despite the fact that the equilibrium of the aldolase reaction 
favors the synthesis of hexoses at 20°. As expected, when DHAP was 
substituted for FDP, the same MP phosphates were formed. 

Isolation of Methylpentoses—An ion exchange column (1.3 X 45 cm.) 
was prepared from Dowex 1 (200 to 400 mesh) in the chloride form. The 
deproteinized reaction mixture was adjusted to pH 7.0 and mixed with the 
appropriate amount of neutral hydrazine sulfate solution to make a final 
concentration of 0.05 m. Hydrazine combines with the triose phosphates 
and makes them separable from MP phosphates. The mixture was allowed 
to stand for 10 to 15 minutes before being admitted to the top of the col- 
umn. The column was washed with 100 ml. of water, and elution with 
0.01 n HCl was begun at an average flow rate of 0.6 ml. per sq. cm. per 


TABLE I 
Effect of Varying Concentrations of FDP on Formation of MP Phosphates 
by Aldolase* 
LAD 
FDP added MP phosphate found 
Added Remaining 
pmoles pmoles pmoles pmoles 
60 200 107 103 
120 200 35 182 
240 200 18 196 


* The reaction mixture (7 ml.) contained 6 mg. of aldolase in KHCOs, 0.03 M, in 
addition to FDP and LAD, and was incubated for 11 hours at 37°. 


minute, adjusted by air pressure. Inorganic phosphate, formed during 
incubation, eluted from the column first, followed by MP phosphates and 
triose phosphates. The eluent was changed to 0.1 N HCl, and this eluted 
FDP. Resolution of the two methylpentose phosphates was not achieved 
by using 0.02 n HCl; however, 0.01 N HCl as the eluent partially resolved 
them (Fig. 1). Because there is no suitable chemical method to differen- 
tiate rhamnulose phosphate from deoxysorbose phosphate, each fraction 
was collected, neutralized, and either lyophilized or concentrated by evap- 
oration on a water bath of 60° and subsequently identified as below. 
Identification and Properties of MP Phosphates—The sugar portion was 
obtained from MP phosphates by acid hydrolysis or by alkaline phospha- 
tase action at pH 9.6 for 2 hours. The solution was deionized by successive 
treatments with Amberlite IR-120 and IR-45. The solution was concen- 
trated to a syrup, after which the methylpentoses were separated by a 
cellulose column (1.6 X 55 cm.) as described by Hough and Jones (2). 
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Solvent b was the only eluent used. The MP which was eluted from the 
column last was identified as rhamnulose by paper chromatography. Con- 
sequently, the faster moving component was presumed to be 6-deoxy-.- 
sorbose. On paper chromatograms both sugars gave a blue spot with 
Waldron’s reagent (13) which is characteristic for methylpentose. The 
Ry values of t-rhamnose, pL-rhamnulose, and 6-deoxy-L-sorbose were 
0.19, 0.25, and 0.31, respectively, in solvent a. By using descending paper 
chromatography and solvent b, rhamnulose and 6-deoxysorbose moved 
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500 750 1250 
EFFLUENT COLLECTED (ml) 

Fic. 1. The separation of methylpentose phosphates by ion exchange chroma- 
tography. Fraction A contained 86 umoles of orthophosphate; Fraction B, 191 umoles 
of RUP; Fraction C, 188 wmoles of DSP; Fraction D, 12 uwmoles of triose phosphates; 
and Fraction E, 59 umoles of FDP. See the text for details of preparing ion exchange 
column and incubation mixture. 


4.9 and 7.5 cm., respectively, in 72 hours. Both of the ketomethylpentoses 
and t-rhamnose reacted in the methyl isobutyl ketone sulfuric acid test 
(14) and gave a colored complex with an absorption maximum at 523 mg. 
Under these conditions, p-glucose and p-fructose exhibited a maximum at 
515 mu, and arabinose exhibited a maximum at 510 mp. By the cysteine- 
carbazole reaction (12), the MP gave a red color which absorbed maximally 
at 550 mu. The ketomethylpentoses gave a red color with the orcinol-HCl 
reaction (15) with absorption maxima at 423 and 520 my, whereas rhamnose 
gave a green color with absorption maxima at 435 and 660 mu. 

Aliquots of the MP phosphate fractions were assayed for organic phos- 
phate and MP, and it was found that they contained equimolar amounts 
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of each. When MP phosphates were heated at 100° in 0.5 n HCl for 1 
hour or in 1.0 N acid for 20 minutes, all of the phosphate was liberated. 
This lability to acid suggests that the MP phosphates are phosphorylated 
on the l-carbon. On the other hand, the phosphate bond was not labile 
to 1 N NaOH at room temperature for 20 minutes. About 35 per cent of 
the MP was destroyed when MP phosphates were heated at 100° in 0.5 N 
HCl for 3 hours. 


TABLE II 
Metabolism of Mizture of MP Phosphates in Tissues 
Enzyme source Incubation time Disappearance 
min. per cent 

Liver 
Homogenate (rabbit) * 60 68 
(rat)T 30 85 
NaFt 30 38 
Extract (rat){ 60 53 
+ 2 mg. aldolaset 60 73 
None + 2 mg. aldolasef 60 21 
Kidney (rabbit)* 60 66 
Skeletal muscle extract (rabbit)* 60 S4 
Heart (rabbit) * 60 6 
t 60 19 


* The reaction mixture (5 ml.) contained 6.4 wmoles of MP phosphates, 2 ml. of 
a 10 per cent homogenate in isotonic KCl, 0.2 ml. of MgCl, (0.1 m), and 1.8 ml. of 
phosphate buffer (0.1 mM), pH 7.0. Muscle extract was made by extracting minced 
skeletal muscle with 2 volumes of cold water. 

t The reaction mixture (2 ml.) contained 5.0 wmoles of MP phosphates, 0.5 ml. 
of a 10 per cent homogenate, 0.5 ml. of Tris buffer (0.1 mM), pH 8.0, 2 ml. of MgCl, 
(0.1m). When added, NaF was 1.5 X 107 Mo. 

t The reaction mixture (5 ml.) was the same as above (1), except for the presence 
of 1 ml. of the supernatant fraction which was obtained by centrifuging a 10 per 
cent homogenate at 25,000 X g for 15 minutes. 


Metabolism of Methylpentose Phosphates—Inasmuch as the separation of 
RUP from DSP was.not successful, most of the studies reported were car- 
ried out with a mixture of them. Because these MP phosphates were 
synthesized by aldolase, it is not surprising that they are cleaved to 3- 
carbon fragments by aldolase. 5 wmoles of methylpentose phosphates were 
incubated with 2 mg. of aldolase for 30 minutes at 37° (pH 7.3). This 
resulted in the production of 1 umole of alkali-labile phosphate, a measure 
of DHAP formation; however, the addition of KCN (final concentration 
5 X 10-2 Mm) increased the DHAP formation from 20 to 78 per cent. 

Homogenates of rat liver as well as rabbit liver, kidney, and skeletal 
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muscle readily metabolize MP phosphates. Cardiac muscle from the rat 
and rabbit was less able to metabolize MP phosphates (Tables II and III), 
Both RUP and DSP were metabolized about equally well by rat liver 
homogenates, although DSP appeared to be the better substrate for rat 
heart homogenate. 

The enzymes responsible for the metabolism of MP phosphates were 
found in the supernatant fraction of tissue homogenates that failed to 
sediment at 25,000 X g in 15 minutes. Therefore, this supernatant frac- 
tion of rat liver homogenate was fractionated with ammonium sulfate. 
The highest activity was found to be in the fraction that precipitated be- 
tween 0.5 and 0.65 saturation. The optimal pH for the metabolism of 
methylpentose phosphates was found to be pH 8.0, although no significant 
differences in activity were observed in the pH range of 7.0 to 8.5. This 


TABLE III 
Metabolism of Individual MP Phosphates in Tissues* 
Disappeared 
Enzyme source 
RUP DSPt 
per cent per cent 

Rat liver homogenate....................... 37.3 38.8 


* The reaction mixture (2 ml.) contained 5 wmoles of substrate, 0.5 ml. of 10 per 
cent homogenate, and 1.0 ml. of Tris buffer (0.1 m), pH 8.0. 
t Contained about 25 per cent RUP. 


fraction was used to carry out a time-course study (Fig. 2). It was demon- 
strated that the sum of alkali-labile phosphate (triose phosphate) and in- 
organic phosphate formed during the incubation was only 60 per cent of 
the MP phosphates that disappeared. The same results were obtained 
when iodoacetate was added to the system at a final concentration of 2.5 X 
10-3 m in order to block triosephosphate dehydrogenase. From these data 
it is presumed that there is another metabolic pathway by which MP 
phosphates can disappear other than by cleavage by aldolase. The reac- 
tion mixture from this experiment was subjected to paper chromatography, 
and a spot appeared with p-anisidine hydrochloride or silver nitrate spray © 
that represents a substance which has not been identified (Fig. 3). This — 
spot did not appear in the zero time control experiment or the one incubated | 
with aldolase alone, or the one in which lactaldehyde was substituted for 
MP phosphates. This spot was not apparent when the chromatograms 
were sprayed with orcinol-ferric chloride (16), bromocresol green (16), or 
m-phenylenediamine (17) reagents. When the unidentified material was 
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eluted from the paper, it demonstrated reducing properties with Somogyi- 
Nelson reagent (18), and it produced a precipitate upon standing for several 
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Fic. 2. The effect of time on the disappearance of methylpentose phosphates by — 

enzymes from rat liver. Reaction mixture (3.0 ml. incubated at 37°) contained 10 

umoles of MP phosphates, 7.0 mg. of a preparation of rat liver enzymes (precipitated 

between 0.5 and 0.7 saturation with ammonium sulfate), and 1.0 ml. of Tris buffer 

(0.1m), pH 8.0. Curve A represents alkali-labile phosphate formed; Curve B, alkali- 

labile phosphate + inorganic phosphate formed; Curve C, appearance of lactalde- 
hyde; and Curve D, disappearance of MP phosphates. 


RF 
02 03 O04 O05 

CONTROL MIXTURE xk 

»  +ENZYMES OO 
6 - DEOXY- SORBOSE Unidentitied 
RHAMNULOSE * Cc) 
PYRIDINE- TREATED RUAMNOSE 
RHAMNOSE 


SOLVENT a —> 
Fig. 3. Paper chromatogram of methylpentoses and acid hydrolysate of a reaction 
mixture from methylpentose phosphate metabolism. The paper was sprayed with 
2 per cent p-anisidine hydrochloride in ethanol and heated at 90° for 5 to 10 minutes. 
See Fig. 2 for the details of the reaction mixture. 
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days at 5°, after having been heated with 2 ,4-dinitrophenylhydrazine in 2 
n HCl. 


TABLE IV 
Effect of ATP on Metabolism of MP in Rat Liver Homogenates 
Disappearance* 
Conditions p-Rhamnulose 6-Deoxy-L-sorbose 
Zn-Bat TCAt Zn-Bat TCA} 
per cent per cent per cent 
Complete system§............. 19.7 13.8 7.7 7.5 
‘* a-ketoglutarate............ 16.7 12.1 7.9 6.1 
ATP and a-ketoglutarate... 4.6 0 


* MP was assayed by the cysteine sulfuric acid procedure (6). 

+ The reaction was stopped by pipetting 1 ml. of the reaction mixture into 2 ml. 
of 5 per cent ZnSO,, followed by 2 ml. of 0.3 n Ba(OH)s. 

t The reaction was stopped by pipetting 1 ml. of the reaction mixture into 5 ml. 
of 5 per cent TCA. 

§ The complete reaction mixture (2.2 ml.) contained 10 wymoles of substrate, 0.3 
ml. of phosphate buffer (0.1 mM), pH 7.5, 0.2 ml. of MgCl, (0.05 m), 0.4 ml. of 20 per 
cent rat liver homogenate in buffer, and 0.2 ml. of NaF (0.05 mM). Incubated 1 hour 
at 37°. 


TABLE V 
Metabolism of Methylpentoses by Rat Liver Homogenate* 


Disappearance of substrate as shown by 
Substrate Filtrates prepared with 
Cysteine sulfuric acid Cysteine-carbazole 
reaction (6) reaction (12) 
per cent per cent 
p-Rhamnulose Zn-Ba 35.3 37.8 
TCA 26.7 18.6 
6-Deoxy-L-sorbose Zn-Ba 23.5 20.2 
TCA 16.1 10.6 
L-Rhamnose Zn-Ba 0.0 0.0 
TCA 0.0 0.0 


* The experimental conditions were the same as for the complete system in Table 
IV, except that the incubation time was 2 hours. 


Phosphorylation of Methylpentoses—p-Rhamnulose and 6-deoxy-L-sorbose 
were metabolized by rat liver homogenates only to a limited extent until 
ATP, Mgt*, and fluoride were added to the reaction mixture. Under 
identical conditions L-rhamnose was not metabolized, and also its isomeri- 
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zation to rhamnulose was not observed. The results are presented in 
Table IV. It was possible to demonstrate. the phosphorylation of p- 
rhamnulose and 6-deoxy-L-sorbose by isolating their phosphate esters 
from the reaction mixture by ion exchange chromatography. After sub- 
sequent acid hydrolysis of these esters, the methylpentoses were identified 
by paper chromatography. It was apparent that MP disappeared after 
phosphorylation because more methylpentose disappeared from the re- 
action mixture when protein-free filtrates were prepared’ with 
ZnSO.-Ba(OH):2 reagent than when TCA was used to make the filtrates 
(Table V). The results indicate that a phosphorylated compound was 
formed from p-rhamnulose, which is positive for the cysteine-carbazole 
test (12) but negative for the cysteine-sulfuric acid test (6), and that p- 
rhamnulose was a better substrate for the kinase than 6-deoxysorbose. 


DISCUSSION 


The known mechanism of muscle aldolase, the study of Hough and Jones 
(2), and the data reported here leave little doubt that the methylpentose 
phosphates formed from FDP or DHAP and pt-lactaldehyde by muscle 
aldolase are b-rhamnulose-1-phosphate and 6-deoxy-L-sorbose-1-phosphate. 
The unidentified substance obtained upon incubation of methylpentose 
phosphates with liver enzymes was shown not to be DHAP or the deriva- 
tives of lactaldehyde. : 

Recently Palleroni and Doudoroff (19) found that mannose isomerase, 
which was isolated from a mutant strain of Pseudomonas saccharophila 
that had been grown on fructose, would reversibly convert p-rhamnose to 
p-rhamnulose. Tecce and Di Girolamo (14) demonstrated the reversible 
conversion of L-rhamnose and t-rhamnulose with Escherichia coli 30, 
adapted to grow on L-rhamnose. Phosphorylation of L-rhamnulose in the 
presence of ATP by an extract of F. coli cells (strain B), adapted to grow 
on L-rhamnose, was reported by Wilson and Ajl (20). In our studies 
neither homogenates nor extracts of liver were able to isomerize L-rhamnose, 
p-rhamnulose, and 6-deoxy-L-sorbose. However, the phosphorylation of 
D-rhamnulose and 6-deoxy-L-sorbose was clearly demonstrated with rat 
liver homogenate in the presence of ATP. It is considered likely that 
fructokinase may be responsible for this phosphorylation. 

The results of studies reported here and those reported by others (14, 
19, 21) are consistent with the view that ketomethylpentoses are meta- 
bolically more active than their corresponding aldomethylpentoses. 

Until recently, little was known concerning the origin of methylpentoses. 
Hauser and Karnovsky (22) reported isotope studies which suggested that 
the t-rhamnose moiety of the rhamnolipide produced by Pseudomonas 
aeruginosa was formed from 2 molecules of glycerol. More recently they 
reported (23) that p-fructose might be converted to L-rhamnose without 
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cleavage although it was shown that L-rhamnose could be formed from 
DL-propanediol-1,2. Itis our opinion that methylpentoses are more likely 
synthesized from two 3-carbon compounds, one of which is lactaldehyde, 
rather than directly from hexose. It is conceivable that p-rhamnulose 
(1-phosphate) might be converted to p-fucose (1-phosphate), provided 
that p-RUP can be converted to p-fuculose (1-phosphate) by a galacto- 
waldenase type enzyme. Furthermore, 6-deoxy-L-sorbose (1-phosphate) 
might be converted to i-fucose (1-phosphate), provided that the former 
can be converted to L-fuculose (1-phosphate) by an epimerase (24) type 
enzyme. In each case the conversion of fuculose to fucose might be ac- 
complished by isomerase. 

Studies are under way to test the validity of this concept of the biosyn- 
thesis of t-fucose, and the results will be reported subsequently. 


SUMMARY 


The enzymatic synthesis of p-rhamnulose-1-phosphate and of 6-deoxy- 
L-sorbose-1-phosphate by crystalline muscle aldolase and the isolation of 
these compounds are described. Studies on the properties and metabolism 
of these phosphate esters in animal tissues are reported. 

Although liver, kidney, and muscle metabolized these methylpentose 
phosphates very well, heart is much less able to metabolize them. A met- 
abolic pathway is suggested that does not involve the cleavage of methyl- 
pentose phosphates by aldolase. 

p-Rhamnulose and 6-deoxy-L-sorbose are phosphorylated with liver 
homogenate in the presence of adenosine triphosphate. 
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MECHANISM OF PROTEIN TURNOVER STUDIED WITH 
CYSTINE-S*, LYSINE-C* DOUBLY LABELED 
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Studies of the turnover of plasma proteins (2-10) have been limited 
primarily to determining only the rate of loss of isotope from labeled 
proteins as a measure of their half lives. Such investigations have not 
attempted to describe the intermediate synthetic and degradative steps 
which comprise the net turnover process. Evidence accumulated thus 
far appears to support principally the two mechanisms of partial protein 
degradation and complete protein degradation whereby an amino acid may 
be released or exchanged from within a protein molecule. However, 
whether the mechanism of partial protein degradation is sufficient or that 
of complete protein degradation is necessary for the exchange of peptide- 
linked amino acids to occur in all proteins needs further clarification. 

The hypothesis of complete protein degradation, wherein the protein is 
completely hydrolyzed into and resynthesized from amino acids, is based 
upon the postulated template mechanism of protein synthesis (11, 12). 
Such a mechanism has generally been assumed in the interpretation of 
turnover studies of singly labeled proteins and of most multiply labeled 
proteins. The implication is that a single isotopically labeled amino acid 
species within a protein has a half life equal to that of all the other amino 
acid species within the protein and hence of the protein itself. Evidence 
substantiating this hypothesis has been presented by the work of Askonas 
etal. (13), who found that valine-4-C" and lysine-1-C"™ had the same respec- 
tive specific activities either in casein and £-lactoglobulin or in each of 
twenty-seven peptides isolated from partial hydrolysates of these proteins; 
by Simpson and Velick (14) and Heimberg and Velick (15), who observed 
that the ratios of the specific activities of glycine-1-C", alanine-1-C", 
phenylalanine-3-C™, and lysine-2-C™ remained constant and were the same 
in rabbit muscle aldolase and phosphorylase; by McFarlane’s investigations 
(10), which have shown the turnover of C“ and I'*! in doubly labeled plasma 


* This investigation was supported in part by research grants from the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service (No. A-173); the A. H. Robins Company, Richmond, 
Virginia; and funds for Research in Biology and Medicine accruing through Initia- 
tive 171 of the State of Washington. A preliminary report of this paper has appeared 


(1). 
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proteins to be equal; by our preliminary findings that the turnover of 
lysine-6-C'* and cystine-S** in doubly labeled plasma proteins appeared 
to be equal (1); and the fact that much the same values for half lives have 
been found for specific proteins variously labeled after intravenous or oral 
administration of the following: serine-3-C"™, intravenous (16, 17); uni- 
formly C'*-labeled protein, intravenous (14, 16, 18, 19); methionine-S* 
and cystine-S**-labeled plasma, intravenous (5, 20-23); leucine-H?-labeled 
albumin, intravenous (24); valine-3-C* or valine-5-C", oral (4, 25); 
lysine-6-C'-labeled plasma, intravenous (26); I'*!-labeled tyrosine (iodi- 
nated protein), intravenous (10, 18, 19). 

The alternative hypothesis of partial protein degradation, wherein the 
protein is hydrolyzed into and resynthesized from peptides, is dependent 
upon the postulated peptide mechanism of protein synthesis (11, 12). 
Support has been given to this hypothesis by the findings of Anfinsen and 
coworkers (27-30) in which unequal labeling of the amino acid residues 
in ovalbumin, insulin, and ribonuclease was found; by the unequal rates of 
loss of different amino acids from albumin shown by Penn, Mandeles, and 
Anker (31); by the work of Margen and Tarver (32) in which the half lives 
of S*5 and I'*! in doubly labeled plasma proteins were found to be unequal; 
and by recent experiments in which Wiggans et al. (33) and Rumsfeld e¢ al. 
(34) observed valine-1-C' and methionine-S* or valine-1-C and leucine-1- 
C'4, respectively, in doubly labeled rat albumin to turn over at different 
rates. 

Except for the work of Wiggans, Burr, and Rumsfeld (33, 34), the only 
published studies of the turnover of doubly labeled proteins are those 
wherein the two isotopes have been separately introduced by biosynthetic 
and chemical labeling techniques, respectively. The present investigation 
was undertaken in order (1) to employ doubly labeled plasma proteins in 
which both isotopes were biosynthetically introduced, (2) to determine 
whether two separate labeled amino acid species present in the same protein 
molecule would each yield the same half life and whether this would be 
equal to those shown by other labeled amino acids previously studied in 
the same protein, and (3) to attempt to establish whether complete or 
partial protein degradation constitutes the principal mechanism of turnover 
of the plasma proteins of the dog. 


EXPERIMENTAL 


Isotope Administration—A single oral dose, containing the quantities of 
S*5-labeled L-cystine! and ¢-C'4-labeled pL-lysine? shown in Table I, was 


1 Supplied by the Abbott Laboratories. 
2 Generously provided by Dr. L. L. Miller, School of Medicine and Dentistry, 
The University of Rochester. 
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administered to each donor dog immediately before feeding. After 24 
hours, the animal was exsanguinated under sterile conditions and 6 parts 
of this blood were immediately mixed with 1 part of standard acid-citrate- 
dextrose (ACD) solution.* The doubly labeled plasma was then separated‘ 
and promptly administered (within 2 hours of exsanguination) into the 
recipient dog’s femoral vein. The recipients, normal healthy males, were 


TaBLe [ 
Isotope Administration 
Isotope administration 
Animal No. | Body, 
Route Form Quantity Activity 
kg. mg. mc. 
1 A (donor)} 9 Oral L-Cystine-S*5 59.9 1.427 | S$ 
pL-Lysine-e-C" 87.5 1.418 | 
ml. pe. 
1 (recipi- | 23.5 | Intra- | S*5-C'*-labeled 110 (5.60 gm. | 25.8 $35 
ent) ve- plasma* from plasma pro-| 6.5 Cc" 
nous Dog A tein) 
2 (recipi- | 19 Intra- | S*5-C'*-labeled 116 (7.31 gm. | 30.6 $35 
ent) ve- plasma* from plasma pro-| 9.3 Cc" 
nous Dog A tein) 
mg. mc. 
2 B (donor) | 7 Oral L-Cystine-S** 98.8 1.754 | 
pL-Lysine-e-C!4 246.5 3.992 | Ci 
ml. pe. 
3 (recipi- | 14 Intra- | $*5-C'*-labeled 86 (5.14 gm. | 37.7 $45 
ent) ve- plasmaf from plasma pro- | 23.2 Cc 
nous Dog B tein) 
4 (recipi- | 19 Intra- | S*5-C1*-labeled 96 (5.75 gm. | 42.9 $35 
ent) ve- plasmaft from plasma pro- | 29.7 cu 
nous Dog B tein) 


* Exsanguinated from the jugular vein and carotid artery. 
t Exsanguinated from the aorta. 


fed a standard diet of Friskies meal and cooked horse meat adequate for 
maintaining constant body weight and were individually caged. ‘Through- 
out the experiment the plasma protein and hematocrit levels dropped less 
than 0.8 and 5 per cent, respectively, from their initial values. 

Collection of Blood—Approximately 80 ml. of blood were withdrawn 


3 22.0 gm. of trisodium citrate, 8.0 gm. of citric acid, and 24.5 gm. of dextrose per 
liter of solution. 

‘ Kindly performed by Mr. Soren Juul with use of facilities of the King County 
Central Blood Bank. 
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without the aid of anesthetic from the jugular vein of the recipient dogs at 
3 day intervals for 4 weeks and thereafter at weekly intervals for the 
duration of the experiment (65 to 70 days). Immediately after bleeding, 
10 parts of the blood were mixed with 1 part of a 4 per cent sodium citrate 
solution, and the plasma was separated by centrifugation. The plasma- 
citrate mixture was then fractionated according to the Cohn fractionation 
Methods 6 and 9 (35, 36). 

Fibrin Isolation—According to the procedure published by Strong (37), 
5 ml. of citrate buffer (pH 6.05 and ionic strength 0.28) were added per gm. 
of moist Precipitate I (mainly fibrinogen obtained by Method 6), which 
then was mostly dissolved with the aid of a Potter-Elvehjem glass homo- 
genizer. After being stirred for 30 minutes at 20°, the mixture was clarified 
by centrifuging for 30 minutes at 21,900 X g and 2°. The supernatant 
layer was then diluted with water and the thrombin solution added. The 
resulting fibrin clot, which was allowed to form in a Petri dish, was washed 
while being stirred four times (5 minutes each) with a cold 0.15 m sodium 
chloride solution, then three times (5 minutes each) with cold water, and 
finally desiccated in vacuo over P2Os. 

y-Globulin Isolation—Precipitate II + III (mainly 6- and y-globulins 
obtained by Method 6) was carried through three steps of Method 9 
(Fig. 1). The resulting Precipitate II was dissolved in a minimal amount 
of water with the aid of a few drops of 0.2 m sodium citrate. After 3 days 
of dialysis against repeated changes of cold distilled water, any insoluble 
protein was removed by centrifugation for 30 minutes at 21,900 X g and 
2°. The supernatant fluid was lyophilized and found to have an electro- 
phoretic homogeneity varying from 84 to 94 per cent. 

Albumin and a-Globulin Isolation—Precipitate V (92 per cent albumin 
and 8 per cent a-globulins obtained by Method 6) (Fig. 1) was dissolved 
in a minimal amount of 0.2 mM sodium citrate. This solution was dialyzed 
for 3 days against repeated changes of cold distilled water, then lyophilized. 
The lyophilized Precipitate V was then resolved into albumin and a- 
globulin (Fig. 2) according to a modification of the zone electrophoretic 
procedure of Kunkel and Slater (39, 40) by employing potato starch as the 
supporting matrix. All the eluate fractions comprising one _ protein 
component were pooled and the protein was precipitated by adding an 
equal volume of 10 per cent trichloroacetic acid (TCA). The TCA- 
precipitated albumin was dissolved in absolute ethanol, dialyzed for 3 
days against cold distilled water, and lyophilized. The TCA-precipitated 
a-globulin was washed three times in 5 per cent TCA, three times in 
absolute ethanol, three times in a 60° ethanol-ether mixture (3:1), and 
three times in ether. The electrophoretic homogeneity of these two frac- 
tions was 100 per cent albumin and 28 per cent a;-globulin plus 72 per cent 
ao-globulin, respectively. 
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Isotope Analysis—Protein sulfur from albumin, fibrin, and y-globulin 
was oxidized to the inorganic sulfate by the method of Pirie, then crystal- 
lized and counted as benzidine sulfate according to previously published 
procedures (8). 

Protein carbon from albumin, fibrin, and y-globulin was oxidized by the 
Van Slyke-Folch wet oxidation procedure (41) to CO», which was collected 


Plasma 

| | 
Supernatant I Ppt. I (mostly 

| fibrinogen) 
Supernatant II + III Ppt. II + III (mostly g- and y-globulins) 
Supernatant Ppt. IV-1 Supernatant II Ppt. II + III-W 

IV-1 + III-W 

Supernatant Ppt. IV-4 Supernatant III Ppt. III 


IV-4 | | 


Supernatant V Ppt. V (albumin Supernatant II Ppt. II (mostly 
and a-globulin) y-globulin) 


Method 6 Method 9 
Fic. 1. Schematic representation of steps used in combining Cohn fractionation 


Methods 6 and 9 to isolate y-globulin, crude fibrinogen, and the albumin, a-globulin 
mixture. 


in a Ba(OH): solution as BaCO;. After thorough washing with CO.-free 
water, followed by ethanol, the precipitate was finely homogenized in 
acetone and plated upon paper planchets with use of the procedure de- 
scribed for benzidine sulfate. 

Completely dehydrated samples of unoxidized albumin, a-globulin, and 
y-globulin were plated on paper planchets as thin films filtered from finely 
homogenized suspensions of lyophilized protein in ether. The individual 
contributions of C'* and S** to the observed combined radioactivities were 
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obtained without separating the isotopes. Due to the difference in the 
isotopic decay rates of C4 and S**, this was done by applying simultaneous 
equations to two sets of isotopic measurements separated by a sufficiently 
long time interval (Curves 1 and 2, Fig. 6). 

The principal error in the specific activities used to calculate the ex- 
ponential components was the probable error of counting due to the random 
nature of isotope disintegration. The ranges of errors were principally 


ALBUMIN (DOG + 4) 


MG. PROTEIN PER FRACTION 


0 10 20 30 40 
FRACTION NUMBER 
Fic. 2. Zone electrophoretic purification of proteins in Precipitate V from Cohn 
fractionation Method6. Veronal-citrate buffer, pH 8.6, specific conductance 0.00233 
mhos (0.05 m diethylbarbituric acid, 0.00765 m sodium citrate, adjusted to pH with 
sodium hydroxide and to specific conductance with sodium chloride). Supporting 
medium 175 gm. of potato starch granules as a block 38 cm. long, 39.5 mm. wide, and 
14.5 mm. thick. Electric field of 112 volts difference of potential at the electrodes 
with a current of 27 ma. per block. The current was applied for 36 hours; amount 
of protein applied at origin (heavy arrow), 2 to 2.5 ml. of a solution containing 800 
mg.; amount of protein recovered, 600 mg. (direction of migration indicated by the 
thin arrow). The block was cut into 5 mm. segments from which the protein was 
eluted with 0.1 Mm sodium chloride. Aliquots were taken for protein analysis by the 
Folin-Ciocalteu method (38). The hatched areas show which eluate fractions were 
pooled for isotope analysis of each protein component isolated. 


between 1 and 3 per cent, with the BaCO; from the albumin of Dog 1, the 
fibrinogen of Dog 1, and the y-globulin of Dog 3 ranging between 1 and 5 
per cent and the BaCO; from the fibrinogen of Dogs 2 and 3 and the 7- 
globulin of Dogs 1, 2, and 4 ranging between 1 and 10 per cent. The larger 
errors occurred only in samples taken at the end of experiments when the 
specific activities were low owing to a rapid turnover of the labeling isotope 
within the protein. 

Non-Isotopic Analysts—The methods used to determine nitrogen values, 
the electrophoretic homogeneity of protein samples, and the plasma con- 
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centration of total protein, albumin, or mena were those described in 
a previous publication (8). 


Results 


Comparative Turnover of Lysine-6-C™ and Cystine-S**—After the intra- 
venous administration of lysine-6-C", cystine-S** donor-labeled plasma, 
isotope levels were periodically measured in the plasma albumin, a-globulin, 
fibrinogen (as fibrin), and y-globulin of each of four recipient dogs. The 


TABLE II 


Turnover of C' and S** in Plasma Proteins of Recipient Dogs after Intravenous 
Injection of Lysine-6-C™, Cystine-S** Doubly Labeled Plasma 


Apparent half life in days 
Albumin a-Globulin Fibrinogen -Globulin 
Recipient! Iso 
Dog No ——~ Exponential components 
Inter- Inter- Inter- Inter- 
Slow | medi- | Fast| Slow | medi-| Fast | Slow | medi-| Fast) Slow | medi- | Fast 
ate ate ate ate 
1 C™“ | 17.2 | 0.9 25.0 | 6.0 19.2 | 2.8 18.6 | 6.0 | 1.6 
S** | 16.8 | 0.5 25.0 | 6.2 19.2 | 3.1 17.8 | 6.3 | 1.5 
2 C™ | 13.6 17.0 | 5.8 23.5 | 3.6 17.1 | 6.3 
$35 13.2 17.2 | 5.9 23.7 | 4.1 17.0 | 6.7 
3 C | 13.7 | 4.6 | 0.6) 24.4 | 5.1 | 2.0 | 16.4 | 3.4 | 1.4) 20.4 | 4.3 | 1.0 
S*5 | 14.5 | 4.4 | 0.4) 24.0 |] 5.1 | 1.6 | 16.7 | 3.4 | 1.5) 21.4 | 4.1 | 1.3 
4 C™’ | 18.9 | 8.3 | 0.7) 26.5 | 5.9 | 2.0} 19.7 | 3.2 19.9 | 4.8 | 1.2 
S** | 19.7 | 7.4 | 0.7) 27.1 | 5.5 | 1.4 | 20.2 | 3.2 19.6 | 5.9 | 1.3 
Average... 16.0 23.3 19.8 19.0 
Mean..... 16.5 22.1 20.1 19.2 
c. 2.36 3.53 2.71 1.14 


resulting isotope decay curves for these proteins were graphically resolved 
into two or three exponential components. An average deviation of +2.4 
per cent was observed between the C™ and S** half life values determined 
for the slow components, while the average deviations for the intermediate 
and fast components were found to be +7 and +11 per cent, respectively. 

Consequently it may be concluded that, within the limits of experimental 
error, there is no difference between the apparent half lives of the two 
isotopes in the four proteins studied when measured by the graphically 
calculated exponential components (Table II, Figs. 3 to 6). The inverse 
proportionality of the deviations to the calculated half lives apparently 
results from a relatively greater inaccuracy in determining the faster half 
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lives, rather than being due to an increased difference between the turn- 
over times of the two isotopes. 


COUNTS/MINUTE/MG. CARBON X 10-2 


FIBRIN 
(DOG # 1) 


CYSTINE-S55 
LYSINE-c!4 


: 


COUNTS/MINUTE/MG. SULFUR X 


0 10 20 30 40 50 60 
DAYS AFTER LABELED PLASMA INFUSION 

Fic. 3. Turnover curves for recipient Dog 1 of lysine-e-C and cystine-S** meas- 
ured in fibrinogen (as fibrin). The observed data are plotted (A, @) and the original 
curves are drawn through these points. These curves are graphically resolved into 
their exponential components: the terminal portions of the curves are extrapolated 
to zero time (. . .); the differences between the values of the extrapolated curve and 
the initial portion of the original curve resolve the original curve into its fast com- 
ponent in addition to the slow one. 


8 


GAMMA GLOBULIN 
(DOG # 3) 


CYSTINE-S99 
LYSINE-C!4 


8 


COUNTS/MINUTE/MG. CARBON 


3 


10; 


a 


COUNTS/MINUTE/MG. SULFUR X 10-2 


r 
60 


) 10 20 30 40 50 
DAYS AFTER LABELED PLASMA INFUSION 
Fic. 4. Turnover curves for recipient Dog 3 of lysine-e-C' and cystine-S** meas- 


ured in y-globulin, and their graphically resolved exponential components. 


Turnover Data of Isolated Proteins—Since the apparent half lives of 
lysine-6-C™ and cystine-S** appear to be identical, we shall assume that 
these values are equal to the apparent ‘‘half life’? of the whole protein in 


which they were measured. 


N 
NN 
100 
\ 
| 2.8 DAYS \ 3.1 DAYS 
| \ 
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NS 
SN 
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1.0 DAYS \ 1.3 DAYS 
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The variations in these values, which may be attributed to differences 
between animals, may be seen in Table II with standard deviations for 
the slow components ranging from 3.53 for a-globulin to 1.14 for y-globulin. 


COUNTS/MINUTE/MG. SULFUR X 10-2 


ALBUMIN 500 
(DOG 3) 
CYSTINE-$35 
10- 10 = 
14.5 DAYS 
DAYS 
-+-0.4 DAYS 
) 60 


re) 20 30 40 50 
DAYS AFTER LABELED PLASMA INFUSION 


Fic. 5. Turnover curves for recipient Dog 3 of lysine-e-C™ and cystine-S** meas- 


ured in albu 


8 


min, and their graphically resolved exponential components. 


ALPHA GLOBULIN 
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—— (4) CYSTINE-$35 
> 
: 1.0- 
S 
24.0 DAYS 
DAYS 
0 L6 DAYS 


DAYS AFTER LABELED PLASMA INFUSION 


Fic. 6. Turnover curves for recipient Dog 3 of lysine-e-C™ and cystine-S** meas- 


ured in a-globulin, and their graphically resolved exponential components. 


In one case (albumin, Dog 2) the plotted data followed a straight line and 
in five additional cases (albumin, Dog 1; fibrinogen, Dogs 1, 2, and 4; 
y-globulin, Dog 2) the turnover curves could be resolved into two ex- 
ponential components. 

Further variations in the values of Table II are observed upon comparison 
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of the turnover data obtained for the different plasma proteins. The turn- 
over curves for each protein were graphically resolved into a maximum 
of two or three exponential components (Table II), indicating that there 
is 2 minimum of this number of processes responsible for the decrease in 
the specific activity of the protein. The average apparent half lives 
obtained from the slow components were 16 days for albumin, 19 days for 
y-globulin, 20 days for fibrinogen, and 23 days for a-globulin. 

The apparent half life value of 20 days for fibrinogen does not appear 
to agree with that of 4.2 days obtained by Madden and Gould (42). How- 
ever, this discrepancy may be attributed mainly to differences in the period 
of time employed to measure the decline in isotope concentration and in 
the methods employed for graphical analysis of the data. The experi- 
ments of Madden and Gould were continued for approximately 3 weeks 
after the administration of isotope. A single straight line drawn through 
their exponential treatment of all measurements made during this period 
was used to calculate the 50 per cent turnover time. The greater reentry 
of isotope after administration of labeled amino acid, compared with intra- 
venously administered labeled protein, was probably partially counteracted 
by the supplemental administration of inert S-amino acids. Since our 
experiments were conducted for a longer period of 60 days, it was possible 
to demonstrate the occurrence during the 4th to 9th weeks of a second and 
slower exponential component than that observed by Madden and Gould 
during the first 3 weeks. This additional component may primarily be 
due to isotope reutilization which probably becomes significant during the 
second half of our experiments. We have arbitrarily designated this 
slowest component as the apparent half life of fibrinogen, realizing that 
the true half life is shorter and probably more nearly that reported by Mad- 
den and Gould. Similarly, the true half life of a-globulin is probably 
considerably shorter than the reported value of 23 days. 


DISCUSSION 


The turnover of a protein may conceivably include the process of re- 
moving and replacing the amino acids at certain loci more rapidly than at 
others. Such selected loci may be characterized by specific amino acid 
species or by certain positions within the protein molecule, regardless of 
the amino acid. In either case the probability of there being two simul- 
taneously and biosynthetically introduced labeled amino acids exhibiting 
identical turnover rates seems negligible. It was therefore believed that 
it would be possible to differentiate between the mechanisms of complete 
and partial protein degradation merely by comparing the turnover of two 
suitable, isotopically labeled amino acid residues within a protein. 

Multiple labeling has been employed to study protein metabolism in 


of 


| 
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very few instances. Wiggans, Rumsfeld, and Burr (33) observed unequal 
disappearances of the isotopes from injected C'4-S*® donor-labeled rat 
plasma albumin after its administration to a recipient rat. They inter- 
preted their results as indicating a partial degradation mechanism of pro- 
tein turnover whereby individual amino acids in the protein could exchange 
with similar or different amino acids in the surrounding medium. Although 
valine-1-C'* and methionine-S® were the labeled amino acids given to the 
donor rat, the doubly labeled albumin obtained would contain carboxy]l- 
labeled valine, alanine, aspartic acid, glutamic acid, arginine, serine, and 
glycine as a result of CO, fixation (43, 44), as well as S**-labeled methionine 
and cystine (45). 

For 16 days after the injection of I'*!-S**-labeled rabbit serum albumin, 
Walter et al. (46) found the S®* to I'* ratio to change very little in the 
plasma proteins but to increase continually in the tissue proteins. The 
observed constant isotope ratio is consistent with complete degradation 
of the serum albumin molecule into its constituent amino acids. However, 
the changing ratio, together with the additional observation (46) that 
there is no deposition of I'* in tissue proteins after the injection of I!*!- 
labeled proteins, may be explained by the incorporation of peptides from 
partially degraded serum albumin. 

McFarlane (10) has shown that it is possible to obtain identical half 
lives for C4 and I!*' in doubly labeled* rabbit albumin and globulin, which 
is to be expected of two isotopes firmly bound to a protein molecule which 
undergoes complete degradation before resynthesis in the course of its 
turnover. However, Margen and Tarver (32) have recently reported that, 
after the administration of albumin, chemically labeled in vitro with I'* 
and methionine-S**, the I'*! exhibited a shorter half life than S**. The 
greater rate of loss of I'*! may be an artifact resulting from the introduction 
of an unnatural isotope or may be due to the normal turnover of the 
iodinated sites being greater than that of the cystine and methionine sites. 

In each of these experiments, the only amino acids employed to label iso- 
topically the proteins internally were those resulting in partial transference 
of the isotopes to additional amino acid species within the protein. Double 
labeling of a protein by two amino acids which would not transfer their 
respective radioactive: isotopes to other amino acid species would (1) 
provide more biologically natural labels than the externally attached I'*! 
and methionine-S** and (2) would label fewer positions in the protein, thus 
increasing the chance of observing preferential degradation of specific 


5A mixture of S*5-labeled cystine, methionine, and methionine sulfoxide in yeast 
hydrolysate was used to label the albumin in the donor rabbit. 

6 Albumin and globulin were uniformly labeled by the oral administration to a 
donor rabbit of C-labeled Chlorella protein. 
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amino acid sites. An attempt to satisfy these criteria was made by our 
laboratory in selecting S**-labeled cystine which would not transfer its 
sulfur to methionine (47, 48), and lysine-6-C' which would contribute 
only small quantities of its e-carbon to other amino acids (26, 49, 50). 
Consequently, we have assumed that the uptake and loss of isotopes by 
the plasma proteins studied occurred almost exclusively in the form of 
the administered labeled amino acids. 

Donor-labeled proteins were injected into the recipient animals in order 
to avoid the greater degree of isotope reutilization and falsely prolonged 
turnover rate observed in endogenously labeled proteins after administra- 
tion of isotopic amino acid (8, 51). 

From our experiments it is possible only to observe whether the half 
lives of the two isotopes in a given protein are equal or different. We 
found the turnover of S** and C™ to be equal to each other in albumin, 
a-globulin, fibrinogen, and y-globulin. Assuming a negligible transfer 
of the radioactive isotopes from the administered labeled cystine and lysine 
to other amino acid species, it is possible to conclude that the half lives 
of cystine and lysine are equal to each other. 

The four conceivable mechanisms of protein turnover which are appli- 
cable to the condition of our experiment are shown in Fig. 7: (/) a pref- 
erential exchange into and out of selected sites of large peptides, with an 
average lysine, cystine composition different from that of the parent pro- 
tein (rig. 7, Mechanism A) (not consistent with our results) or with an 
average lysine, cystine composition identical with that of the parent protein 
(Fig. 7, Mechanism B) (consistent with our results); (2) an exchange of 
single amino acids into and out of their individual sites within the protein 
with preference to either the species of amino acid or location of site and 
with a ratio of the number of exchanging lysine and cystine residues, 
unequal to the ratio of these two amino acids within the protein molecule 
(Fig. 7, Mechanisms C and E) (not consistent with our results), or equal 
to the ratio of these two amino acids within the protein molecule (Fig. 7, 
Mechanisms D and F) (consistent with our results); (3) degradation of 
the protein into and its resynthesis from small peptides with an average 
relative amino acid composition equal to that of the parent protein (Fig. 7, 
Mechanism G) (consistent with our results); (4) complete degradation of 
the protein into and its resynthesis from all its constituent amino acids 
(Fig. 7, Mechanism H) (consistent with our results). 

The observation of equal half lives for the exponential components of 
lysine and cystine does not provide an unambiguous answer to the query 
of whether complete or partial protein degradation is involved in protein 
turnover. Although an observation of unequal half lives for these com- 
ponents would have been more definitive, we believe that our results may 
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be interpreted as indicating complete protein degradation, the probability 
of Mechanism H (Fig. 7) being greater than the probabilities of Mechanisms 
B, D, F, and G (Fig. 7). 


LYSINE Z CYSTINE tip LYSINE * CYSTINE tip 


(RATIO OF LYSINE *TO CYSTINE) 
3 2 


4 


| 
| AMINO ACIDS 


UNOEGRADED PROTEIN UNDEGRADED PEPTIDE 


AMINO (E)-—— (F) AMINO ACIDS 


PEPTIDES 
-AMINO ACIDS 


Fic. 7. Schematic representation of the conceivable pathways of protein degrada- 
tion. The symbols used to represent the amino acids are L for lysine, C for cystine, 
and dotted lines for all the other amino acids. 


SUMMARY 


1. Doubly labeled plasma from donor dogs given an oral dose of S*5- 
labeled L-cystine and e-C'*-labeled pL-lysine was administered intravenously 
to recipient dogs. 

2. The decrease with time of the concentration of S*® and of C" in serial 
samples of plasma albumin, y-globulin, fibrinogen, and a-globulin was — 
followed for 60 days in the recipient dogs. 

3. The loss of isotope was resolved graphically into several rate processes, 
the slowest being used to calculate the apparent half life of the isotope in 
the protein molecule. 

4. All corresponding exponential components for both lysine-6-C" 
and cystine-S** were identical in each protein fraction studied. Average 
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apparent half lives were 16 days for albumin, 19 days for y-globulin, 20 3 
days for fibrinogen, and 23 days for a-globulin. 3 
5. The significance of these findings is discussed. The data appear to 3 
support the occurrence of complete protein degradation as a mechanism of ; 
protein turnover. 
3 
The authors are grateful to Miss Marion P. MacMartin, Miss Patricia 
Ann Wood, and Mrs. Dorothy Shook for valuable technical assistance. 3 
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METABOLIC ADAPTATIONS IN HIGHER ANIMALS* 


II. CHANGES WITH TIME IN THE ADAPTIVE RESPONSE 
OF GLUCOSE-6-PHOSPHATASE 


By R. A. FREEDLAND anp A. E. HARPER © 
(From the Department of Biochemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, August 23, 1957) 


In previous studies of factors affecting liver G-6-Pase! activity, short 
term experiments (1, 2), prolonged hormone administration (3), or animals 
with severe metabolic malfunctions (4, 5) were employed. Under these 
conditions the animal is subjected to sudden or continuous stress and, 
although G-6-Pase activity may show an adaptive response, compensatory 
mechanisms, which might come into play in the normal animal, would 
probably not become evident. This might be described as failure to 
achieve ‘adaptive equilibrium,” which may be defined as the stage in the 
adaptive process after which no further change occurs upon prolonging the 
treatment in the system being studied. In previous experiments in which 
dietary changes were found to induce a G-6-Pase adaptation, a greater 
increase in enzyme activity was observed in the shorter experiments (1). 
Therefore, it was of interest to investigate further the nature of the G-6- 
Pase adaptation resulting from these dietary changes, and to determine 
in each case whether the adaptation was permanent and continued as long 
as the animal received the diet which brought it about or whether it was 
of a temporary nature, merely sufficing the needs of the animal until a 
slower and more permanent secondary adaptation was completed. 


EXPERIMENTAL 


Animals and Diets—Male Sprague-Dawley rats were used in all the ex- 
periments. All animals were fed the control diet for 3 days before being 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Research Committee of the 
Graduate School from funds provided by the Wisconsin Alumni Research Founda- 
tion; and from the National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, United States Public Health Service. The crystalline 
vitamins were kindly supplied by Merck Sharp and Dohme Research Laboratories, 
Rahway, New Jersey. 

1 The following abbreviations are used: G-6-Pase, glucose-6-phosphatase; G-6-P, 
glucose 6-phosphate; liver G-6-Pase activity, glucose-6-phosphatase activity per 
gm. of liver; G-6-Pase activity per unit of body weight, total liver glucose-6-phospha- 
tase activity times 100 divided by the body weight; specific activity, liver glucose-6- 
phosphatase activity per gm. of liver protein; relative liver weight, weight of the 
liver times 100 divided by the body weight. 


833 


834 TIME, DIET, AND GLUCOSE-6-PHOSPHATASE 


offered the experimental diets in order to compensate for any lack of uni- 
formity in the previous dietary history. The four different diets used 
throughout this study were as follows: the control diet containing 65 per 
cent of dextrin, 25 per cent of casein, and 5 per cent of corn oil; the high 
fat diet containing 25 per cent of casein and 70 per cent of margarine; the 
high protein diet containing 90 per cent of casein and 5 per cent of corn 
oil; the sucrose diet containing 65 per cent of sucrose, 25 per cent of casein, 
and 5 per cent of corn oil. All diets contained sufficient salts and vitamins 
in addition to the ingredients mentioned above (6). In all the experiments 
the rats were fed ad libitum. 

In the experiments designed to study the effect of changing animals 
from one diet to another at a late stage in the course of the adaptation, 
animals were fed either the high protein or the high fat diet for 20 days or 
longer and were then divided into two groups. The first group was con- 
tinued on the original diet and served as a control; the second was offered 
a different diet, the group originally receiving the high protein diet being © 
fed the high fat diet and vice versa. Rats from each group were killed 1 
and 2 or 4 days after the second diet was fed and liver G-6-Pase activity 
was determined. 

Assay Procedure—The livers were completely removed, weighed, and 
placed in ice. <A portion of the chilled liver, weighed to the nearest mg. 
on a torsion balance, was homogenized at 0-4° in 40 volumes of 0.1 m 
potassium citrate buffer, pH 6.5. The homogenate was filtered through 
cheesecloth and the filtrate used for the G-6-Pase assay. A portion of the 
homogenate was diluted for the protein determination (7). For the G-6- 
Pase assay 0.1 ml. of 0.06 m K,G-6-P, pH 6.5, was added to 0.1 ml. of the 
homogenate, both of which had been preincubated at 37.5° for 5 minutes. 
After incubation at 37.5° for 15 minutes, the reaction was stopped by add- 
ing 2 ml. of 10 per cent trichloroacetic acid. The activity was estimated 
by measuring the amount of inorganic phosphate released (8). These 
assay conditions produced zero order kinetics for values up to twice the 
greatest values reported. 


Results 


Enzyme Unit—The amount of enzyme which causes the release of | 
umole of inorganic phosphate from G-6-P in 1 minute at 37.5° and pH 6.5 
is defined as 1 unit of G-6-Pase. 

The rats that received the carbohydrate-free diets gained at least 3 gm. 
per day. The changes in G-6-Pase activity with time are presented in 
Table I. It was observed previously in rats fed a high protein diet that 
within 4 days there was an increase in relative liver size and a decrease in 
liver G-6-Pase, with no net change in G-6-Pase activity per unit of body 
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weight (1). In the present study the relative liver size of the rats fed the 
high protein diet remained constant (6.4 + 0.1) from the 6th through the 
15th day, as did that of the controls (4.6 + 0.1), whereas the liver G-6-Pase 
activity and the specific activity showed gradual decreases, resulting in a 
decrease in G-6-Pase activity per unit of body weight. On the 18th day 
the relative liver size decreased and the liver G-6-Pase activity increased, 
compared with the value for the 15th day; the G-6-Pase activity per unit 
of body weight did not change from the 15th to the 18th day. The relative 


TABLE I 


Effect on Liver Glucose-6-phosphatase Activity of Length of Time Animals 
Receive High Fat or High Protein Diets 


G-6-Pase activity® 
Control group High protein group High fat group 
Days 
Per 100 lp Per gm.| Per 100 Pp Per gm.}| Per 100 P Per gm. 
body [* 8™ . er gm.) jj ; er gm.|" 
1, 2,4 (1)f¢ |100 + 6¢| 100 | 100 |173 + 8| 156 | 149 [185 4% 7) 199 | 142 
6 100 + 2}; 100 | 100 |145 + 116 | 103 |1389 + 5| 145 | 127 
100 + 2} 100 100 |154 + 5} 116 102 |1382 + 5) 142 | 125 
12 100 + 1] 100 100 136 + 1} 94 90 {123 + 4} 121 126 
15 100 + 5] 100 | 100 |115 + 3} 77 86 1116 + 4) 122 | 121 
18 100 + 4| 100 | 100 4 3) 93 90 + 128 | 118 
22 100 + 4| 100 | 100 106 + 76 86 (103 + 5} 111 93 
25 100 + 4} 100 | 100 |1142 4 89 78 (115 + 1} 112 82 


* All the values are reported as a percentage of the control value. The average 
control values in units of G-6-Pase are as follows: 65 units per 100 gm. of body weight, 
14.4 units per gm. of liver, and 78 units per gm. of liver protein. 


t Bibliographic reference. 
t Standard error of the mean. All the values from the 6th day on are average 


values for two animals. 


liver size remained constant (5.6 + 0.1) from the 18th to the 25th day, as 
did the liver G-6-Pase activity; therefore the G-6-Pase activity per unit of 
body weight also remained constant during this period. However, the. 
liver protein increased during this time and consequently the specific 
activity decreased from the 18th day until the end of the experiment. 
The G-6-Pase activity per unit of body weight from the 15th day onward 
showed a significant decrease, when compared to the values obtained on 
the 12th or on any previous day, but remained slightly higher than the 
control values. 

After 6 days the rats receiving the high fat diet exhibited a marked de- 
crease in liver G-6-Pase activity, specific activity, and G-6-Pase activity 
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per unit of body weight compared to the values obtained after 1, 2, and 4 
days (Table I). The values continued to fall throughout the experiment 
in every case, except for that of liver G-6-Pase activity on the 18th day and 
that of G-6-Pase activity per unit of body weight which remained constant 
at about 115 per cent of the control value from the 15th day on. The 
22 day value for G-6-Pase per unit of body weight is probably a little out 
of line because very few values less than 110 per cent of the control have 
been observed in experiments of even longer duration. ‘The changes in 
G-6-Pase activity per unit of body weight and in specific activity were due 
only to changes in the liver G-6-Pase activity and liver protein concentra- 
tion because the relative liver size remained constant at 4.3 + 0.2 through- 
out the experiment. 


TABLE II 


Liver Glucose-6-phosphatase Activity of Animals Receiving High Sucrose Diets for 
21 and 31 Days 


G-6-Pase activity* 
Control group Sucrose group 

Days 

P P 

Per gm. liver liver Per gm. liver liver 

1,2 100 + 3f 100 100 177 + 7 150 150 
21 100 + 6 100 100 159 +7 115 113 
31 100 + 3 100 100 176 + 5 148 163 


* All the values are reported as per cent of the control values. 
t Standard error of the mean. Average values for six animals. 


Table II shows the effect of the length of time an animal received the 
sucrose diet (which contained enough fructose to produce a G-6-Pase 
adaptation (1)) on the G-6-Pase activity. The G-6-Pase activity per unit 
of body weight remained high throughout the experiment and showed no 
significant decrease even after 31 days. The liver G-6-Pase activity and 
specific activity were as high after 31 days as they were during a 1, 2, and 
4 day assay. The decrease noted on the 21st day can be partially ac- 
counted for by a very high relative liver size, about 1} times that of the 
control animals. 

Table III shows the effect on G-6-Pase activity of feeding a high protein, 
carbohydrate-free diet for a long period of time. The control diet and 
three different high protein diets were fed for 47 days, after which the groups 
that had been on the high protein diets were fed the 90 per cent casein 
diet for 3 to 5 days. At this time the secondary G-6-Pase adaptation 
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seemed to be complete because there were no differences between the G-6- 
Pase values per unit of body weight for the control and experimental 
groups and no further changes with time. The liver G-6-Pase activity 
and the specific activity were lower in the experimental rats than in the 


TABLE III 


Effect on Liver Glucose-6-phosphatase Activity of Ingesting High Protein 
Diet for 50 to 52 Days 


Diet No. of rats G-6-Pase activity Protein 
units per units per 
gm n. of of em. of liver gm. 
a 3 15.1 60.5 + 4.6* 69 220 
Protein, Group If......... 4 13.5 61.7 + 1.4 46.5 290 
5 12.9 60.6 + 2.3 47 276 
4 12.9 64.2 + 6.1 51 253 


* Standard error of the mean. 

t These three groups had been fed for 47 days on carbohydrate-free diets contain- 
ing a mixture of blood meal and zein supplemented with various amino acid mix- 
tures. They were fed the 90 per cent casein diet from the 47th until the 50th to 52nd 


day. 


TABLE IV 


Effect on Liver Glucose-6-phosphatase Activity of Transferring Animals from High 
Protein Diet to High Fat Diet 


G-6-Pase activity* 
Diet No. of rats 4 
Per Per gm. liver Boer 
14 100 + 5f 100 100 
9 102 + 7 91 89 
3 120 + 2 128 100 
3 168 + 1 141 139 


* All the values are reported as a percentage of the control value. The average 
control values in units of G-6-Pase are as follows: 76 units per 100 gm. of body weight, 
14.7 units per gm. of liver, and 78 units per gm. of liver protein. 

t Standard error of the mean. 


controls, which might have been predicted from the trend evident in Table 
I. The relative liver size of the experimental group was 1.19 + 0.01 times 
that of the control animals, which is the same as the ratio found in the 
later stages of Experiment I, that being 1.23 + 0.2 times the control values. 

The effects of feeding the high fat or the control diet to rats which had 
been receiving the high protein diet are shown in Table IV. Rats which 
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had been fed the high protein diet for 30 days were separated into three 
groups. One group of animals was transferred to the control diet, and 4 
days later several animals from this and from the original group were 
assayed for G-6-Pase activity to ascertain the extent of the secondary 
adaptation. The results indicated that the secondary adaptation was in 
its final stages, if not complete. Another group was transferred from the 
high protein diet to the high fat diet, and animals from all three groups, 
control, high protein, and high fat, were assayed for G-6-Pase activity at 
1 and 4 days after the dietary change. There was a rise in G-6-Pase ac- 
tivity per unit of body weight in the rats changed to the high fat diet, as 


TABLE V 


Effect on Liver Glucose-6-phosphatase Activity of Exchanging Diets of Animals Fed on 
High Fat or High Protein Diets for 28 Days 


G-6-Pase activity® 
Diet 
Per ——_. body Per gm. liver Per tag 
100 + 5f 100 100 
ae 100 + 2 100 100 
Protein to fat.................... 128 + 4 141 161 
Fat to protein. .................. 115 + 2 94 103 


Four rats were used in each case. 

* The values for the rats transferred from the high protein to the high fat diet 
are reported as a percentage of the values for rats fed on the high protein diet for 
28 days. The values for rats transferred from the high fat to the high protein diet 
are expressed as a percentage of the values for rats fed on the high fat diet for 28 
days. 

¢t Standard error of the mean. 


compared with those fed either the high protein or the control diet. This 
rise was evident after 1 day and was very noticeable by the 4th day. The 
specific activity and liver G-6-Pase activity of the high fat group also 
showed a definite increase over that of the high protein group. These 
results present a quite different picture from that observed in the later 
stages of Experiment I in animals receiving the high fat diet; the results 
resemble quite closely, however, those observed in the early stages of Ex- 
periment I. The relative liver size decreased to 4.8 the Ist day after the 
animals were fed the high fat diet and remained unchanged on the 4th day; 
this was a decrease from the value of 6.1 for the high protein group and was 
below the value of 5.2 for the control group. 

The effect of changing the diets of animals receiving either the high fat 
or the high protein diet for 28 days is shown in Table V. ‘Two groups of 
animals were kept on the high protein or the high fat diet for 28 days, after 
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which time half the animals in each group were transferred to the other 
diet, while the remainder were kept on their original diet and served as 
controls. The animals were assayed for G-6-Pase activity 1 and 2 days 
after the dietary change. The substitution of the high fat for the high 
protein diet produced an effect similar to that observed in Experiment IV, 
except that there was a greater increase in specific activity. The relative 
liver size decreased and the liver G-6-Pase activity increased, as was ob- 
served previously when the high fat diet was substituted for either the 
high protein or the control diet. The G-6-Pase activity per unit of body 
weight and the specific activity rose significantly above that of the animals 
which continued to receive the high protein diet. 

The substitution of the high protein diet for the high fat diet resulted 
in a significant increase in G-6-Pase per unit of body weight and an increase 
in relative liver size; a trend noted early in the adaptation of animals 
changed from the control diet to the high protein diet. However, the 
specific activity was only slightly higher than that of animals that were 
continued on the high fat diet and the liver G-6-Pase activity showed a 
slight decrease after the dietary change; these two results more nearly 
parallel the results obtained during the intermediate stage of the adaptation 
of animals changed from the control diet to the high protein diet, as was 
observed in Experiment I. 


DISCUSSION 


The G-6-Pase adaptation observed in rats transferred from the control 
to the high fat or the high protein diet appears to be a rapid adaptation 
which is temporary in nature. The G-6-Pase activity per unit of body 
weight, which appears to be a measure of the need of the animal to synthe- 
size glucose in order to satisfy its energy requirement, returns to a normal 
or near normal value if the animal is kept on the diet for a longer time. 
This return of G-6-Pase activity to nearly normal values in long experi- 
ments is not observed when another carbohydrate such as fructose is re- 
sponsible for the initial adaptation. The gradual decrease in G-6-Pase 
activity with time may be looked upon as a result of a secondary adapta- 
tion, with the initial increase in G-6-Pase activity being the primary adap- 
tation. 

The decrease in the specific activity of G-6-Pase with time in rats fed 
the high fat or high protein diets indicates that proteins other than G-6-Pase 
are being synthesized more rapidly than, or are being maintained at the 
expense of, G-6-Pase. In contrast, in animals that received the sucrose 
diet there was no difference between specific activity values for the first 
4 days and those for the 3lst day. This would indicate that G-6-Pase is 
maintained at a high level without any concurrent rise in the general liver 
protein. The low specific activity of animals on the sucrose diet after 21 
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days is a reflection of the large relative liver size and, therefore, possibly 
of a higher ratio of structural protein to physiologically active protein. 

The significant increase in G-6-Pase activity per unit of body weight in 
animals adapted to either the high protein or the high fat diet and then 
transferred to the other diet indicates that the secondary adaptation in 
response to the high protein diet differs from that occurring in response to 
the high fat diet. The failure to observe any change in G-6-Pase activity 
upon transferral of animals adapted to the high protein diet to the control 
diet indicates that a change of diet alone will not produce this result. 

These findings provide further support for the possibility suggested 
previously that the amino acids of protein and the fatty acids of the fat 
may be utilized directly by the animal for energy, whereas the non-glucose 
carbohydrates have to be converted to glucose for utilization as an energy 
source (1). The secondary adaptation may well be an increase in the 
ability of the animal to use either amino acids or fat directly as the major 
source of energy. Such changes would probably occur more slowly than 
the G-6-Pase adaptation since they would be expected to occur primarily 
in organs in which protein turnover is much slower than it is in the liver. 
The ability to conserve blood glucose may also increase if the cells develop 
the ability to use a higher percentage of substrates other than glucose di- 
rectly for energy. ‘The decrease in the specific activity of G-6-Pase in the 
experimental animals below that of the controls may be due in part to an 
increase in liver enzymes which are needed for the metabolism of amino 
acids or fatty acids. 

Separate adaptations to high fat and to high protein diets would explain 
the lesser increase in G-6-Pase activity observed in rats changed from the 
high fat to the high protein diet compared to those transferred from the 
high protein to the high fat diet. The rats on the high fat diet may have 
developed some adaptation to protein due to the relatively high amount of 
protein in the diet (25 per cent), whereas the animals on the high protein 
diet would have had very little chance to develop any secondary adaptation 
to fat, which comprises only 5 per cent of the diet. 

When it was originally observed that removal of glucose from the diet 
caused a rise in liver G-6-Pase activity, it seemed probable that the similar 
rise in activity in the diabetic rat (4, 5) was a direct response to the meta- 
bolic block in glucose utilization (9). Since no secondary adaptation re- 
sulting in a fall in G-6-Pase activity has been observed in severely diabetic 
animals, whereas a return to nearly normal values occurred within 3 weeks 
in the present dietary studies, it would appear that some minimal amount 
of glucose must be available to the body cells before the fall which ac- 
companies the secondary adaptation can occur. The G-6-Pase activity of 
rats receiving the high protein diet for long periods of time (Table IIT) 
fell to normal values, while the activity of those receiving the high fat diet, 
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which contained as glucose precursors only the 25 per cent of protein in 
the diet and the glycerol of the fat, always remained slightly above the 
control value. It would thus seem that the high fat diet contained almost, 
but not quite, enough glucose precursors to satisfy the rat’s need for glu- 
cose. If less than this minimum were available to the cells, as would prob- 
ably be the case in diabetic rats, a fall in G-6-Pase activity with time would 
not be expected. This suggests that the response of liver G-6-Pase to 
dietary changes might provide a method of determining the minimal 
glucose intake which will just prevent a stimulation of gluconeogenesis. 


SUMMARY 


1. Rats were fed for an extended period of time on diets in which glucose 
(or a glucose polymer) was replaced by fat, protein, or a non-glucose car- 
bohydrate in order to determine whether the rapid rise in liver glucose-6- 
phosphatase induced by these diets represented a temporary or a permanent 
type of adaptation. 

2. Liver glucose-6-phosphatase activity per unit of body weight of rats 
consuming diets in which protein or fat was substituted for dextrin rose 
rapidly and then fell gradually as the duration of the experiment was ex- 
tended until, after about 21 days, the activity was just slightly above con- 
trol values. 

3. There was no decrease from the initial high values for liver glucose-6- 
phosphatase, even after 30 days, in rats consuming a diet in which sucrose 
had been substituted for dextrin. 

4. When animals that had been allowed to come to adaptive equilibrium 
on the high protein diet were given the high fat diet, a rapid increase in 
liver glucose-6-phosphatase, comparable to the initial response of non- 
adapted rats, was observed. This indicates that the secondary adaptation 
which occurs in rats fed on high protein diets is different from that in rats 
fed on high fat diets. 
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METABOLISM OF 1-DEHYDROSTEROIDS IN MAN 


I. ISOLATION OF SIX URINARY PRODUCTS AFTER THE 
ADMINISTRATION OF PREDNISOLONE* 


By ELIAHU CASPI ann MAURICE M. PECHET 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts, 
and the Massachusetts General Hospital, Boston, Massachusetts) 


(Received for publication, May 21, 1957) 


The introduction of a double bond at C-1 in cortisol and cortisone (1) 
led to the enhancement of antiinflammatory activities (2) and stimulated 
studies on the metabolism of prednisone and prednisolone in vivo (3-6). 
Interconvertibility of prednisolone and prednisone (3-6) in vivo and the 
reduction of the C-20 ketone to 208 (3, 4) and probably 20a (3) alcohols 
have been demonstrated in a number of studies. These investigations 
failed to demonstrate the reduction of ring A and the formation of 17- 
ketosteroid from administered 1-dehydro analogues; this is in contrast 
to the metabolism of cortisone and cortisol (7). The resulting assumption 
was (3, 4) that the 1 ,4-diene-3-one system stabilizes the molecule and that 
the metabolism of prednisone and prednisolone involves changes only at 
C-11 and C-20. The assumed resistance of the 1,4-diene-3-one system 
to enzymatic attack in vivo was regarded as a possible explanation of the 
increased biological activity of these steroids. 

In this communication we report the isolation and identification of six 
products from the urine of a female subject with Addison’s disease to 
whom prednisolone was administered. The identified metabolites were 
of the C2; and Cy series and were partially or fully reduced in ring A. 


EXPERIMENTAL 


A 33 year-old female subject with adrenocortical insufficiency’! was 
maintained on a metabolic regimen. 950 mg. of recrystallized predniso- 


* This work was aided by grants from the Schering Corporation, Bloomfield, New 
Jersey, from the American Cancer Society, No. E.D.C.-38, and from the United 
States Public Health Service, No. A-1156. A preliminary report has been published 
(Arch. Biochem. and Biophys., 68, 236 (1957)). 

1Some 13 years before the present study, the patient had developed Cushing’s 
disease which was surgically treated 7 years ago. For the last 6 years the patient 
showed clinically typical Addisonian adrenal insufficiency. In numerous laboratory 
tests the urinary corticoid levels were found to be in the range of 0 to 0.6 mg. per 24 
hours (see Porter and Silber (8)) and the 17-ketosteroid levels were in the range of 
0 to 0.7 mg. per 24 hours (see Vestergaard (8)). The excretion of urinary corticoids 
and 17-ketosteroids failed to increase after intravenous ACTH administration. 
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lone? and 1.2 mg. of 9a-fluorocortisol were administered orally in equally 
divided doses over a period of 16 days. No other medications were given. 
Daily 24 hour urine collections were kept refrigerated during the collection 
and frozen at the end of each 24 hour period. 

The collected urine (49.5 liters) was kept at — 20° until further processed. 
The processing of the urine was as follows. The thawed urine was divided 
into aliquots of about 3 liters, the pH adjusted to 6.5, then 50 ml. of Soren- 
sen’s buffer (pH 6.5) and 10 ml. of chloroform were added. Bacterial 
6-glucuronidase,’ 100 Fishman units per ml. of urine, was added and the 
mixture was incubated for 48 hours at 37°. The hydrolyzed portion was 
extracted three times with a total of 9 liters of ethyl acetate. The aqueous 
phase was discarded. The combined ethyl acetate extracts were con- 
centrated in vacuo. The residues of the extracts obtained from all batches 
were pooled, dissolved in ethyl acetate, washed with ice-cold 0.1 N sodium 
hydroxide, and then with aqueous sodium chloride until the washings were 
neutral. The washings were again extracted with ethyl acetate, which 
was then washed and added to the main extract. The pooled extract 
was dried over sodium sulfate and concentrated in vacuo. The residue 
was dissolved in benzene and chromatographed on a silica gel column 
prepared with benzene. Eluates of benzene and benzene ethy!] acetate 
19:1 and 9:1 removed large amounts of colored non-polar material and 
were set aside. The column was then stripped with ethyl acetate (2.5 
liters) and methanol (2 liters). The combined ethy] acetate and methanolic 
residues were fractionated into ketonic and non-ketonic (9) substances. 
The non-ketonic fraction was saved. 

Fractionation of Ketonic Residue—The residue was divided into six 
equal portions and each was chromatographed for 24 hours on 15 X 40 
cm. papers in the chloroform-formamide system (10). The overflows of 
the above chromatograms were combined and were chromatographed 
for 12 hours in the same system on two 15 XK 40 cm. papers. Finally, 
the combined overrun of the 12 hour chromatograms was chromatographed 
on a partition column with aqueous methanol (1:1 v/v) on a Celite sup- 
port (aqueous methanol-Celite 1:2 v/w) and hexane-benzene (1:1 v/v) 
as moving phase. The moving and stationary phases were equilibrated 
at equal volumes. Fractions of 10 ml. each were collected. 

Six zones which reacted with blue tetrazolium (11) were detected on the 
original paper chromatograms, and were numbered 1 to 6 in the order of 
increasing mobility. The corresponding zones from the various paper 


2 We are indebted to the Schering Corporation, Bloomfield, New Jersey, for a 
generous supply of prednisolone used in these studies. 

* Bacterial 8-glucuronidase, assay 30,000 Fishman units per gm., purchased from 
Sigma Chemical Company, St. Louis, Missouri. 
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chromatograms were combined and further purified by partition chromatog- 
raphy until homogeneous crystalline solids were obtained. Three prod- 
ucts were isolated from the overflow of the 12 hour paper chromatograms 
by the column partition chromatography. 

Identification Procedures—The isolated crystalline products were usually 
recrystallized to a constant melting point. The steroids were identified 
by melting points, melting points of mixtures, absorption spectra in 
methanol and in sulfuric acid, and by their infrared absorption spectra. 
Whenever necessary, derivatives (acetates) were prepared. Melting 
points were determined on a Fisher-Johns hot stage and are reported as 
read. Absorption spectra in methanol and sulfuric acid were determined 
by means of a Cary model No. 11MS spectrophotometer. The infrared 
spectra were obtained from material incorporated into potassium bromide 
pellets (12) on a Perkin Elmer model No. 12C spectrometer. For identi- 
fication purposes the infrared spectra of the metabolites and of authentic 
steroids were compared over the entire range of 3800 to 700 cm.—'. 


Results 


Isolation of 3a,11B ,17a,21-Tetrahydroxyallopregnan-20-one—This sub- 
stance was isolated from Spot 1 of the 24 hour paper chromatogram. The 
eluted residue was rechromatographed in the same paper chromatographic 
system (24 hours). The major zone capable of reacting with blue tet- 
razolium was eluted and chromatographed on a partition column, which 
was prepared with aqueous methanol (1:1) as stationary phase on a Celite 
support and with benzene-hexane (1:1) the moving phase. 2 ml. fractions 
were collected. Fractions 20 to 28 gave crystalline material, m.p. 220- 
235°, which upon two crystallizations from ethyl acetate neohexane melted 
at 234-235°. The product gave a blue tetrazolium reaction and did 
not absorb ultraviolet light (AMS2™, none; c. 0.015 gm. per liter). The 
infrared spectrum was identical with that of authentic 3a,118,17a,21- 
tetrahydroxyallopregnan-20-one. Furthermore, the spectrum of the 
unknown in sulfuric acid was identical to that of the authentic sample. 

Isolation of 3a,11B ,17a,21-Tetrahydroxypregnan-20-one—This substance 
was isolated from Spots 1 and 2. Upon rechromatography of Spot 2 
(24 hours in chloroform-formamide) two blue tetrazolium zones were 
detected. The major zone was further purified on a partition column 
prepared as previously described. Fractions 20 to 33 yielded solids, m.p. 
180-210°. The same solids, m.p. 180-200°, were obtained from Frac- 
tions 30 to 51 from the column from which 3a,118,17a,21-tetrahydroxyal- 
lopregnan-20-one was obtained (Spot 1). The crystalline residues were 
combined and, after two recrystallizations from ethyl acetate neohexane, 
gave a solid melting at 231-233°. The material did not absorb ultraviolet 
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light (AMss", none; c. 0.021 gm. per liter). Acetylation with acetic an- 
hydride and pyridine gave an ester, m.p. 212-215°. The infrared spectra 
of the free alcohol or of its ester were respectively identical with those of 
authentic 3a,118,17a,21-tetrahydroxypregnan-20-one or of its 3,21-di- 
acetate. 

Isolation of 118 ,17a,21-Trihydrozy-1 ,4-pregnadiene-3 ,20-dione—This 
substance was isolated from Spot 3. Elution of the zone and rechromatog- 
raphy in chloroform-formamide gave five zones which reacted with blue 
tetrazolium. The major zone was eluted and was further purified on a 
partition column to yield a crystalline product, m.p. 219-228°. The 
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Fic. 1. Changes with time of the absorption spectrum in sulfuric acid of predniso- 
lone (c., 0.0172 gm. per liter). The curves were recorded 1 to 2 minutes, 120 minutes, 
and 240 minutes after the preparation of the solution. 


infrared spectrum of the product, although similar, was not identical to 
that of 1-dehydrocortisol. Three crystallizations from acetone, ethyl 
acetate, and again from acetone removed the impurity and gave a solid, 
m.p. 224-228°. The substance did not depress the melting point of 
prednisolone, reacted with blue tetrazolium, and absorbed ultraviolet 
light: AMSo™, 243 mu; € 15,500. The spectrum of a sulfuric acid solution (c. 
0.0172 gm. per liter) was taken at ‘“‘zero time” (about 1 to 2 minutes), 
at 120 minutes, and 240 minutes after the addition of sulfuric acid (Fig. 1). 
The spectra in sulfuric acid changed with time. At zero time the spectrum 
had three well defined maxima at 379 (0.37),4 306 (0.42), and 263 (0.63) 
mu, and three minima at 340 (0.22), 285 (0.38), and 225 (0.53) mu. After 
120 minutes the appearance of a maximum at 361 my (0.58) and minimum 
at 330 (0.34) mu was observed. Other maxima which had been observed 
at zero time, although still discernible, had disappeared to a large extent. 
This was accompanied by an increase of end absorption. With the excep- 


‘The numbers in parentheses are the observed optical densities. 
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tion of a small over-all increase of optical density the spectrum remained 
essentially unchanged after 2 more hours (240 minutes). The sub- 
stance was identified as 118, 17a,21-trihydroxy-1 ,4-pregnadiene-3 ,20-dione 
(prednisolone) because of the identity of its infrared spectrum with that of 
an authentic sample. Furthermore, the spectra in sulfuric acid of the 
metabolite and of an authentic sample of prednisolone were identical and 
changed in an identical manner with time. 

Isolation of 17a,21-Dihydroxy-1-pregnene-3 ,11 ,20-trione—The com- 
bined overflows of the 12 hour chloroform-formamide paper chromato- 
grams were fractionated further on the previously described partition 
column. Fractions 3 and 4 upon concentration yielded syrups which 
gave strong Zimmermann reactions. Fractions 5 and 6 produced crystal- 
line residues which similarly gave Zimmermann reactions. 

Fractions 12 to 18 crystallized spontaneously, m.p. 185-195°, and 
reacted strongly with blue tetrazolium, indicating an a-ketol group. Re- 
crystallization of this solid raised the melting point, 190-196°. A solution 
of the metabolite in methanol absorbed ultraviolet light: AMS2", 224 mu; « 
8700. The wave length of maximal absorption indicated a monosub- 
stituted conjugated carbonyl function. The calculated value for Amax 
for a l-en-3-one group was 227 my and agreed well with the value Amax 
224 my found for the unknown (13). It was therefore considered probable 
that the metabolite possessed a l-en-3-one group in ring A. This assump- 
tion was supported by the infrared spectrum which had bands: 3520 
(hydroxyl), 1708 (carbonyl), 1685 (conjugated carbonyl), 1610 (con- 
jugated double bond) cm.-'. The bands 1685 and 1610 cm. suggested a 
l-en-3-one system (14); the 4-en-3-one group absorbs at about 1675 and 
1620 cm.—! (14, 12). 

The spectrum of a sulfuric acid solution of the product (c. 0.0171 gm. 
per liter) was taken at zero time (1 to 2 minutes), 120 minutes, and 240 
minutes after the addition of sulfuric acid (Fig. 2). At zero time three 
maxima at 408 (0.04),* 350 (0.1), and 273 (0.39) my and two minima at 
375 (0.03) and 242 (0.31) my were present. After 120 minutes a new band 
appeared at 297 (0.56) mu. The position of the bands at 408 (0.12) and 
350 (0.22) my remained unchanged; however, the maximum at 273 mu 
flattened out. At 240 minutes the band at 273 my began to reappear at a 
new wave length 265 (0.58) my; the bands at 408 (0.13) and 350 (0.24) mu 
remained stationary and the band at 297 my was shifted to 302 (0.62) mu. 
Within the 4 hours during which the spectra were taken, the wave lengths 
of the minima did not change. 

Final proof of the structure of the metabolite was as follows: A suspension 
of 2 mg. of 10 per cent palladium on charcoal catalyst in 5 ml. of ethyl 
acetate was shaken at 26° in an atmosphere of hydrogen until the gas 
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uptake ceased. To the prereduced suspension 2 mg. of the metabolite 
were added. The gas uptake started 90 seconds after the addition of the 
steroid and in 15 minutes 0.12 ml. of hydrogen was absorbed. The cata- 
lyst was filtered off, washed, and the solution concentrated to yield a 
crystalline solid, m.p. 228-232°. The product gave a blue tetrazolium 
reaction and did not absorb ultraviolet light (AME2", none; c. 0.0215 gm. 
per liter). The infrared spectrum of the hydrogenation product was 
identical to that of 17a,21-dihydroxypregnane-3 ,11,20-trione. This 
finding established the 6 configuration of the hydrogen at the center of 
asymmetry at C-5 and the carbonyl function at C-11. The metabolite 
is therefore 17a,21-dihydroxy-1-pregnen-3 ,11,17-trione. This was con- 
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Fic. 2. Changes with time of the absorption spectrum in sulfuric acid of 17a, 21- 
dihydroxy-1-pregnene-3,11,20-trione (c., 0.0171 gm. per liter). The curves were 
recorded 1 to 2 minutes, 120 minutes, and 240 minutes after the preparation of the 
solution. 


firmed by the identity of the infrared spectra of the 21-acetate of the 
product, m.p. 224—227°, and of an authentic sample of 21-acetoxy-17a-hy- 
droxy-1-pregnene-3 ,11,20-trione. The acetate of the metabolite did not 
depress the melting point, 224-228°, of the authentic sample; mixture 
melting point, 224-227°. 

Isolation of 3a,118-Dihydroxyetiocholan-17-one—This substance was 
obtained from Fractions 5 and 6 previously described. 

The solid melting point, 235-240°, was crystallized from ethyl acetate 
neohexane to a constant melting point, 239-241°. The product gave a 
Zimmermann reaction, did not absorb ultraviolet light (AMS2™, none; c. 
0.0288 gm. per liter), and did not give the formaldehydogenic reaction (15). 
The acetate was prepared in the usual manner and melted at 241-245°. 
The infrared spectra of the unknown or of its acetate were respectively 
identical with those of 3a, 118-dihydroxyetiocholane-17-one or of its 
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3-monoacetate. Furthermore, the spectra of a sulfuric acid solution of 
the product and of a similar solution of 3a,118-dihydroxyetiocholane-17- 
one were identical and changed in an identical manner with time. 

Isolation of 3a-Hydroxyetiocholane-11 ,17-dione—This substance was 
isolated from the syrupy residue of Fractions 3 and 4 previously described. 

The combined syrups resisted crystallization. Rechromatography of 
the syrups on a partition column gave only oily residues which could not 
be crystallized. The residues which gave positive reaction with Zim- 
mermann’s reagent (Fractions 3 to 7) were therefore recombined and 
chromatographed for 96 hours on a 10 cm. paper in the ligroin-propylene- 
glycol system. Of the five zones delineated on the paper chromatogram, 
four gave positive Zimmermann reactions. The major zone was eluted 
and rechromatographed on a partition column to yield a small amount 
of solid, m.p. 158-169°. The infrared spectrum of the product was similar 
to that of 3a-hydroxyetiocholane-11,17-dione. The acetate was prepared 
in the usual manner and after rechromatography on a partition column 
gave a small amount of crystalline material, m.p. 158-163°. The in- 
frared spectrum of the acetate was identical to that of 3a-acetoxyetiocho- 
lane-11 , 17-dione. 


DISCUSSION 


The metabolism of cortisol and cortisone in man in vivo has been estab- 
lished (7). The predominant metabolic reactions are as follows: reduction- 
oxidation at C-11, reduction at C-20, reduction of the a,8-unsaturated 
carbonyl function in ring A and cleavage of the dihydroxy acetone side 
chain. After the administration of cortisol and cortisone, the majority 
of urinary metabolites isolated were reduced in ring A and possessed a 
3a-hydroxy-56-hydrogen structure. Small amounts of substances of the 
Cy series with a 3a-hydroxy-5a-hydrogen group have been obtained. 
Recently (16) the presence of C2, products with a 3a-hydroxy-5a-hydrogen 
configuration has been reported. 

The isolation in the present investigation of 17a,21-dihydroxy-1- 
pregnene-3 , 11 ,20-trione, for the first time, proves the susceptibility of the 
1 ,4-diene-3-one group to reduction in vivo. This product could be derived 
only from the administered prednisolone by hydrogenation of the C-4 
double bond, and oxidation of the 118-hydroxyl group. The presence of 
this substance might indicate the preferential reduction of the double bond 
at C-4 prior to that at C-1. The evidence to date does not permit a 
decision. However, if the hydrogenation of ring A does proceed stepwise 
with the formation of 1-en-3-one substances, the isolation of products with 
a 5a-hydrogen as well as a 56-hydrogen should be expected. In this 
investigation only a 58 isomer was found. It appears that the reduction 
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of the double bond at C-4 takes place before the reduction of the carbony] 
at C-3. Reduction of ring A does not stop at this level but may proceed 
further until complete reduction of the conjugated system occurs. This 
is evidenced by the isolation of 3a,118, 17a,21-tetrahyd: oxypregnan- 
20-one and 3a,118,17a,21-tetrahydroxyallopregnan-20-one. The finding 
of 116-hydroxy and of 11-keto substances confirms the reported oxidation- 
reduction reactions of the oxygen function at C-11 (3, 4, 6). The presence 
of prednisolone in the urine is in line with the observations of other in- 
vestigators (3, 4, 6). The isolation of 3a,118-dihydroxyetiocholan-17-one 
and of 3a-hydroxyetiocholane-11,17-dione is a demonstration of the 
cleavage of the dihydroxyacetone side chain of prednisolone. 

Our results on metabolism of prednisolone in vivo demonstrate that the 
ring A-saturated urinary products obtained after the administration of 
1-dehydrocortisol are the same as those expected for the naturally occur- 
ring analogue. This proves that the 1,4-diene-3-one system in ring A 
may be reduced in vivo. It appears therefore that metabolism of predniso- 
lone in vivo is not limited to changes only at C-11 and C-20 as it was thought 
(3, 4); the enzymatic attack proceeds at other centers as well, 7.e. at C-1, 
C-3, C-4, and C-17. 


SUMMARY 


To a female adrenalectomized subject, 950 mg. of prednisolone and 1.2 
mg. of 9a-fluorocortisol were administered over a period of 16 days. From 
the pooled urine the following six products were isolated: 3a,118,17a,21- 
tetrahydroxypregnan-20-one; 3a,116,17a,21-tetrahydroxyallopregnan-20- 
one; 118,17a,21-trihydroxy -1,4-pregnadiene-3,20-dione; 17a,21-di- 
hydroxy-1-pregnene-3 ,11,20-trione; 3a,118-dihydroxyetiocholan-17-one; 
and 3a-hydroxyetiocholan-11,17-dione. The results indicate that in men 
116 ,17a,21-trihydroxy-1 ,4-pregnadiene-3 ,20-dione (prednisolone) and 
most probably its in vivo equilibrium product 17a ,21-dihydroxy-1, 4- 
pregnadiene-3 ,11,20-trione (prednisone) (3, 4) may yield wed me- 
tabolites siealiar to those of naturally occurring analogues. 


The authors wish to thank Dr. D. K. Fukushima, Sloan-Kettering 
Institute for Cancer Research, Dr. H. L. Herzog, Schering Corporation, 
Dr. L. N. Sarret, Merck and Company, Inc., for various samples of steroids, 
Dr. R. I. Dorfman, Worcester Foundation for Experimental Biology, 
for his interest in this work, and Mrs. M. Rayner for technical assistance. 


Addendum—After the appearance of our preliminary communication and the sub- 
mission of this paper for publication, Dr. A. Vermeulen reported the isolation 
of 118-hydroxy-1,4-androstadiene-3,17-dione and 1,4-androstadiene-3, 11, 17-trione 
from the urine of a prednisolone-treated cancer patient (17). This is a further 
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confirmation of our observations on the susceptibility of the dihydroxyacetone 
side chain of prednisolone to the enzymatic cleavage in vivo. 
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THE CHROMATOGRAPHIC SEPARATION AND PURIFICATION 
OF ACIDIC PROTEINS ON CARBOXYLATED 
ION EXCHANGE RESINS* 


By K. SCHMID, MARGARET B. MacNAIR, ann ANTOINETTE F. BURGI 


(From the Department of Medicine, Harvard Medical School, and the Medical Services 
of the Massachusetts General Hospital, Boston, Massachusetts) 


(Received for publication, June 5, 1957) 


The chromatographic separation of proteins on carboxylated ion ex- 
change resins has been widely employed (1, 2). However, as pointed out 
previously by several authors (1-6), only proteins with alkaline or neutral 
isoelectric points have been investigated. This report deals with a sys- 
tematic study of the behavior of proteins with acid isoelectric points on 
weak cation exchange resins.! 

In view of the results obtained, a method was developed for the separa- 
tion from each other of a:-acid glycoprotein (7, 8), certain a2-glycoproteins 
(9, 10), and human serum albumin present in artificial and naturally oc- 
curring mixtures. This method was applied subsequently to the final puri- 
fication of these proteins when isolated by the low temperature, low salt 
ethanol procedures (7, 10, 11). 


Materials 


The following proteins were used in order to perform the chromatographic 
investigations over the entire acid pH range: (1) human serum albumin, 
which is known to have an isoelectric point of 4.9 (12); (2) an a-glycopro- 
tein (9), which is isoelectric at pH 4.2 and contains approximately 6 per cent 
of sialic acid. It had been separated as a barium complex from a similar 
zinc-precipitable a.-glycoprotein (11); (3) a:-acid glycoprotein (orosomucoid) 
(7, 8), distinguished by its isoelectric point of 2.8 owing to the high content 
of sialic acid (10 per cent) (13); (4) pepsin (product of the Worthington 


* This is publication No. 219 of The Robert W. Lovett Memorial Foundation for 
the Study of Crippling Diseases. Present address, Massachusetts General Hospital, 
Boston 14, Massachusetts. Grants in support of these investigations have been 
received from the Helen Hay Whitney Foundation, New York, and from the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service, No. A-509-C2. A preliminary report of this work has 
been presented at the Forty-eighth meeting of the American Society of Biological 
Chemists, Chicago, April 15-19, 1957. 

1 Sober reported recently on the chromatographic separation of human serum pro- 
teins on cellulose modified to an anion exchange resin and showed that orosomucoid 
was eluted in one of the final subfractions in a purity up to 75 per cent (6). 
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Biochemical Corporation), twice recrystallized and isoelectric below pH 1. 

The following starting solution and protein fractions derived from normal 
human plasma were used to isolate the glycoproteins mentioned above: 
(1) Supernatant solution of Fraction V was obtained by fractionating pooled, 
normal human plasma by Method 6 (14). It contained between 1.5 and 
2.0 per cent of the total plasma protein, consisting of about 50 per cent 
albumin, 35 per cent a:-acid glycoprotein, 12 per cent a2-glycoproteins, and 
3 per cent @-globulins (10, 14). This solution of which the ethanol con- 
centration amounted to 40 per cent, was maintained at a temperature of 
—5° and pH 4.9. It should be stressed that the supernatant solution of 
Fraction V contained a high concentration of ethanol and ions other than 
citrate in contrast to the mock solutions used initially in this study. (2) 
Fraction VI, the proteins present in the supernatant solution of Fraction 
V, was prepared as follows: For small scale preparations, this solution was 
poured into dialysis tubings, transferred to a 2° room, and the ethanol was 
removed by application of an air current. For the removal of inorganic 
salt and organic low molecular weight plasma components, the resulting 
solution was dialyzed against precooled, distilled water, and then lyophil- 
ized. For large scale preparations, the method published earlier was em- 
ployed (7). (3) The zinc-precipitable az-glycoprotein had been enriched in 
a fraction which showed the following electrophoretic composition: 3 per 
cent albumin, 4 per cent q,-acid glycoprotein, 85 per cent a-glycoprotein, 
5 per cent 6,- and 3 per cent @:-globulins (9, 11). (4) a-Acid glycoprotein, 
when prepared by solubility methods (7), appeared homogeneous judging 
from ultracentrifugal and electrophoretic analyses carried out over a pH 
range from 1 to 13 (7).2,) However, immunochemical analysis, which is a 
further criterion for the purity of proteins (15), indicated the presence of 
traces of other highly antigenic protein components of Fraction VI. 

Buffer Solutions and Ion Exchange Resin—For the chromatographic 
studies 0.0125, 0.025, 0.05, 0.10, and 0.25 m sodium citrate buffers with 
pH values ranging from 3.5 to 6.0 were used. Sodium phosphate buffers 
with molarity varying between 0.05 and 0.30 were employed at pH levels 
from 6.0 to 8.0. Sodium acetate buffer, pH 6.15, and ionic strength 0.75, 
was used on one occasion only. The pH was always controlled within 
0.02 unit. Amberlite XE-64, a carboxylated ion exchange resin, was pre- 
pared according to Hirs (3). A fraction between 170 and 200 mesh per 
inch (dry size) was employed. 


2 In part, unpublished results by these authors. 

3 The citrate buffers were made up as follows: A 0.10 m sodium citrate buffer, for 
example, contained 0.10 m sodium citrate per liter and sufficient citric acid to give 
the desired pH value. 
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Methods 

The preparation and operation of the columns are well described by Board- 
man and Partridge (5) and by Hirs (8). 

The individual proteins or their mixtures (5 to 10 mg. and 30 mg., respec- 
tively) were dissolved in 1 ml. of the buffer and applied, as described by 
Boardman (5), to a resin column of 12 cm. height and 0.9 cm. in diameter. 
The flow rate during application was approximately 0.5 ml. and afterwards 
per hour. Ordinarily, fractions of 0.3 ml. were collected. When pro- 
tein mixtures were studied, the original buffer was replaced by an appro- 
priate buffer solution, as described below, after the first protein had been 
eluted. Then, the flow rate was increased to 9.0 ml. per hour, and fractions 
of 3.0 ml. were collected. The absorbance of each fraction which was ad- 
justed with distilled water to 3.0 ml., if necessary, was determined at 278 
my in a Beckman DU spectrophotometer. Fractions which contained the 
same protein were combined, dialyzed against several changes of water at 
2°, and lyophilized. The remaining residue was dissolved in a small volume 
of water (3 to 5 ml.), redialyzed, and lyophilized. The resulting protein 
powder was redissolved in 0.10 m NaCl to give a 1 per cent solution and 
analyzed in the Spinco model E ultracentrifuge. The protein was again 
recovered and dissolved in approximately 0.05 ml. of distilled water to ob- 
tain a concentration between 5 and 7 per cent. Subsequently, paper elec- 
trophoresis as described by Grassmann and Hannig (16) was carried out 
in diethyl-barbiturate buffer, pH 8.6, of 0.1 ionic strength, or in acetate 
buffer, pH 4.0, of 0.1 ionic strength. Except when stated otherwise, 


chromatography was carried out at 22-23°. 


Results 


Elution Curves of Individual Proteins—To characterize the behavior of 
the individual proteins on the column, the “total volume of effluent’’ 
(equal to the total volume of liquid which flows from the column from the 
time of application of solute until the maximal concentration of solute 
emerges from the column (5)) was determined for each protein over a pH 
range from 3.5 to 8.0 and at ionic strength varying from 0.075 to 0.75. 
The values of the total volume of effluent plotted versus pH of the buffer 
that was used resulted in the “‘elution curves,’ some of which are given in 
Fig. 1. These curves indicated that orosomucoid was retained completely 


below pH 4.5, the ae-glycoprotein below pH 5.2, and albumin below pH 
5.8. At ionic strength of 0.15 and below, the recovery of protein was poor. 

Separation of Artificial Mixture of Acidic Proteins—For the separation of 
the acidic proteins from each other, the following three steps were found to 
give the optimal results with respect to purity and recovery of each protein: 
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(1) application of a mixture of orosomucoid, a2-glycoprotein, and albumin, 
dissolved in 0.05 m sodium citrate buffer, pH 5.20, to a resin column equi- 
librated previously against the same buffer. Under these conditions a- 
glycoprotein and albumin were retained on the column, whereas orosomu- 
coid passed almost completely through it by further washing with the 
buffer; (2) the as-glycoprotein was next displaced from the resin by chang- 
ing the eluting buffer solution to 0.10 mM sodium citrate, pH 5.72; and (3) 
the albumin was then eluted by changing the solution to 0.75 M sodium 


a, a, Alb. 
Effluent 
20. 
15 
10 
a, 
| | | | 
5.0 6.0 7.0 pH 


Fic. 1. Elution curves of acidic proteins obtained by chromatography on Amber- 
lite XE-64 represent the total volume of effluent as a function of the pH of the 
employed buffer. The following abbreviations were used: a for a-acid glycopro- 
tein, a2 for ae-glycoprotein, and Alb. for albumin. 


acetate, pH 6.15 (Fig. 2). If the pH of the buffer first employed was below 
5.2, the a2-glycoprotein fraction was contaminated with orosomucoid and 
the yield of albumin was low. For the elution of albumin, acetate buffer 
proved more effective than phosphate buffer which led to low recoveries, 
particularly when protein mixtures were investigated. The yield was 
77 per cent for orosomucoid, 70 per cent for a-glycoprotein, and 57 per 
cent for albumin (Table I). No attempt was made to increase the re- 
covery of albumin. Since the chromatographic separation was _per- 
formed at room temperature, all fractions were analyzed in the analytical 
ultracentrifuge. They appeared homogeneous and no signs of dena- 
turation were observed. On paper electrophoresis in acetate buffer, 
pH 4.0, ionic strength 0.1, these protein fractions also appeared essentially 
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homogeneous (lig. 3). Electrophoretic analyses were necessary since 
orosomucoid and a-glycoprotein have similar sedimentation constants, 
and the curves representing absorbance of the collected fractions plotted 
versus their number may simulate homogeneity of the separated proteins. 


lem © 
5 
A/b. 
90% of /Omg~ 65% of 10 or 
50 100 +#¥tube 


Fic. 2. Chromatographie separation of an artificial mixture of a,-acid glycopro- 
tein, as-glvcoprotein, and albumin on Amberlite XE-64. Applied amounts and 
vields are indicated under the respective ahesthonee curves. Abbreviations the 
same as those for Fig. 1. 


TABLE I[ 


Average Purity and Recovery of Acidic Proteins after Chromatography on 
Amberlite X E-64 


-Fraction | a2-Fraction | Albumin fraction 
Starting material | 
Purity Yield Purity = Yield ‘Purity Yield 
per cent percent percent per cent _ per cent per cent 


Artificial = mix- 

100 77 70 57 
Supernatant so- 

lution of Frac- | 


100 95 7S 2 42 6 
Fraction VI..... 100 75 96 55 SS 31 


The pH value of 4.0 was chosen because in such a buffer the a-glycopro- 
tein was essentially immobile and the other two proteins migrated in op- 
posite directions. 

Isolation and Purification of Human Acidic Glycoproteins—The method 
developed for the chromatography of acidic proteins was applied to the 
following special problems. 

Direct Isolation and Simultaneous Separation of Proteins Present in 
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Supernatant Solution of Fraction V—An attempt was made to isolate di- 
rectly and fractionate simultaneously the proteins of Fraction VI by passing 
the supernatant solution of Fraction V through a column of properly con- 
ditioned Amberlite XE-64. Although the supernatant solution of Frac- 
tion V contained 40 per cent ethanol and ions other than citrate, the above 
procedure for the separation of acidic proteins in citrate buffer at room 
temperature could be applied to this problem with one minor modification 
only. This modification involved the presence of 40 per cent ethanol in 
the prepared resin column and reduction of the working temperature to 
— 5° to prevent denaturation of the proteins. This change offered a further 


a 
Alb 


Ab 

Fic. 3. Paper electrophoresis in acetate buffer, pH 4.0, ionic strength 0.1, of the 

protein fractions obtained by chromatographic separation as shown in Fig. 2. Ab- 
breviations the same as those for Fig. 1. 


advantage in that it permitted the separation of the proteins from non- 
protein plasma constituents. 

For these investigations the resin was equilibrated against 0.05 mM sodium 
citrate buffer, pH 5.20, and finally against the same buffer containing 40 
per cent ethanol. The column (2.5 cm. in diameter, 12 ecm. long) was 
transferred to a —5° room and 300 ml. of supernatant solution of Fraction 
V were applied at the maximal flow rate of 60 ml. per hour. The resulting 
effluent showed an absorbance of 1.0 to 1.1 at 278 my (Fig. 4), a value 
corresponding to the difference between the total absorbance of the start- 
ing solution (1.5) and that due to the protein present in this solution (0.5) 
(Fig. 5). Absorbance measurements of an aliquot of the final effluent, 
after dialysis against water, demonstrated that the total amount of protein 
had been adsorbed on the column. To displace the ethanolic solution in 


Absorbance — 
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the resin column, 100 ml. of 0.05 m sodium citrate buffer, pH 5.20, precooled 
to —5° and containing 15 per cent ethanol, were applied at a rate of 140 
ml. per hour. The absorbance of this effluent decreased to 0.4 and, when 
dialyzed against water, to zero, indicating the absence of protein. 


300ml. OOSMCit., O.1IOMCit, O75MNoAc, 


Supernatant pH 5.20(+2°C) pH 5.72(+2°C) pH 6.15 (+22°C) 
Solution of | 
FractionZ(-5°C) mi of 0.05 M Cit., 
pH 5.20 in 15% 


Ethanol (-5°C) 

Fig. 4. Isolation and simultaneous fractionation of the proteins present in 300 
ml. of supernatant solution of Fraction V. Abbreviations the same as those for 
Fig. 1. For the elution of the a,-glycoprotein fraction, 560 ml. of 0.05 m sodium cit- 
rate buffer, pH 5.20, were used and collected in 79 tubes. Due to the change in the 
ethanol concentration, the drop volume, and thus the individual fractions, varied, 
although the number of the drops per tube was kept constant. The a2-glycoproteins 
were displaced with 450 ml. of 0.10 m sodium citrate buffer, pH 5.72, and collected 
in 115tubes. The albumin fraction was eluted with 370 ml. of 0.75 m sodium acetate, 
pH 6.15, and collected in 95 tubes. 


The column was then placed in a room at 2° and eluted with 100 ml. of 
precooled, aqueous 0.05 m sodium citrate buffer, pH 5.20 (flow rate 140 
ml. per hour), effecting the displacement of orosomucoid. During this 
operation, the course of the pH of the effluent decreased from the original 
value of 5.2 to 5.0. Next, the buffer solution was changed to 0.10 m 
sodium citrate, pH 5.72 (flow rate 140 ml. per hour), to displace the a- 
glycoproteins. The pH of the effluent, first decreasing again to 5.0, in- 
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creased to 5.4, at which pH value the maximal protein concentration 
emerged. To elute the albumin fraction, 0.75 m sodium acetate buffer, 
pH 6.15, was employed and the temperature was increased to 22° (flow 
rate 140 ml. per hour). Again, an initial decrease in the pH of the effluent 
of 0.2 unit was observed. Orosomucoid was recovered in a yield of ap- 
proximately 95 per cent in electrophoretically homogeneous form (Table 
I). The yield of the a-glycoproteins was the same; however, as judged 
from electrophoretic analysis, this fraction contained additional albumin 


fe) 


Absorbance 
in 


0.5 


250 280 300 my 
Fic. 5. Absorbance curves of supernatant solution of Fraction V before (Curve 1) 
and after (Curve 3) dialysis against water. Curve 2 represents the absorbance of 
the effluent solution obtained by chromatography of 300 ml. of supernatant solution 
of Fraction V as described in Fig. 4. This effluent was found to be free from protein. 


(6 per cent), a:-globulin (7 per cent), 6:-globulin (7 per cent) and 8.-globu- 
lin (2 per cent). Subsequent chromatography in the aqueous system by 
passage through one further column, as described for the separation of the 
artificial protein mixture, yielded a homogeneous ae-glycoprotein prepara- 
tion. As judged from ultracentrifugal analyses, the and ae-glycopro- 
teins had not been denatured during isolation. The albumin was eluted 
initially in a purity of 92 per cent, but with a yield of only 6 per cent 
(Table I). Although the yield of albumin was poor, the main objective, 


‘ If the elution was continued, certain a- and 8-globulins were displaced concomi- 
tantly. The purity of the albumin was thereby decreased to 76 per cent and the re- 
covery increased to 14 per cent. If albumin was eluted at 2°, the recovery was only 
2 per cent. 


tl 
a 
0 
a 
f 
|| 
1 
\ 

| 


K. SCHMID, M. B. MACNAIR, AND A. F. BURGI 861 


the separation and recovery of the a- and a--glycoproteins, had been 
achieved (Fig. 6). 

The phenomenon of the decrease in the pH of the effluent observed when 
one buffer was replaced by another with a higher pH and salt content must 
probably be attributed to a different degree of dissociation of the carboxyl- 
ate groups of the resin at higher ionic strength (18). This was inferred 
from experiments in which columns of Amberlite XE-64 were treated with 
buffer solutions only. For example, when the buffer of a resin column of 


8.0F 


PHe 


6.0 


4.0F. 


4 8 pl 

Fic. 6. Characteristic pH, values for the elution of low molecular weight proteins 
from Amberlite X E-64 plotted as a function of their isoelectric points. The follow- 
ing additional abbreviations were used: P for pepsin, H for hemoglobin (5), C for 
a-chymotrypsin (5), C, for a-chymotrypsinogen (17), R for ribonuclease (5), Cy for 
cytochrome c (5), and L for lysozyme (5). The relatively large deviation of the 
a-chymotrypsin and a-chymotrypsinogen values are probably due to the different, 
but unknown, isoelectric points of these proteins in the solvents used for chroma- 
tography. @, the values obtained in the present study; O, values taken from publi- 
cations of other investigators. 


12 cm. length and 2.5 cm. in diameter, which had been equilibrated against 
0.05 m sodium citrate buffer, pH 5.20, was changed to 0.10 m sodium 
citrate, pH 5.20, the pH of the effluent solution decreased suddenly to 5.00 
after the hold-up volume of this column had been displaced. This de- 
creased pH was maintained for an effluent volume equal to 6 times that of 
the hold-up volume. Afterwards, the acidity increased relatively rapidly 
to the original value. The same pH drop was observed when the second 
buffer was 0.10 m sodium citrate, pH 5.70. The larger the difference in 
Na concentration of the buffer, the larger the pH drop seemed to be. 
Separation of Proteins of Fraction VI—Fraction VI was dissolved in 
0.05 m sodium citrate buffer, pH 5.20, and chromatographed as described 
for the artificial mixture of orosomucoid, a:-glycoprotein and albumin. 
The recovered proteins were found to be essentially homogeneous and 
undenatured. The yields amounted to 75, 55, and 31 per cent for oroso- 
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mucoid, a2-glycoprotein, and albumin, respectively (Table I). Electro- 
phoretic analysis indicated that the 6-globulins remained on the column. 

Purification of a,-Acid Glycoprotein—The traces of highly antigenic 
proteins present in electrophoretically homogeneous a,-acid glycoprotein 
preparations could be removed by a single passage over an Amberlite 
XE-64 column conditioned in 0.05 m sodium citrate buffer, pH 5.1. A 
minute hemagglutinin activity’ which could be further decreased by use 
of a second column was still present in such a preparation (19). 

Final Purification of “‘Zinc-Precipitable” a2-Glycoprotein—For the final 
purification of this ae-glycoprotein, solubility studies were carried out first. 
Orosomucoid and the #;-globulins could be extracted from the correspond- 
ing starting material. Albumin, the a2-glycoprotein, and the 82-globulins 
showed very similar solubility properties, rendering separation extremely 
difficult. However, the isoelectric points of the proteins present in the 
purified a2-glycoprotein fraction suggested that passage through one column 
should be sufficient to obtain this ae-glycoprotein in pure form. Indeed, 
paper electrophoresis and ultracentrifugal analyses of the chromatographed 
fraction showed this protein to be homogeneous (11). 

Chromatographic Behavior of Pepsin—Investigations on pepsin under 
conditions indicated for the acidic proteins mentioned above revealed that 
this enzyme was not retained on Amberlite XE-64 at pH 4.0 or higher 
when applied in 0.05 m or 0.10 mM sodium citrate buffer. At pH 4.0 the 
recovery was 75 per cent as judged by absorbance measurements. At 
more acid pH values, the yield decreased rapidly and showed a value of 
12 per cent at pH 3.5. Somewhat similar results have been reported by 
Richmond (20). 


DISCUSSION 


The results presented in this publication suggest that proteins with low 
molecular weights and acid isoelectric points can be absorbed and displaced 
on carboxylated ion exchange resins. Such proteins may be characterized 
by the fact that they are retained on this type of resin below a particular 
pH. The more acid the isoelectric point (Fig. 6), the lower the critical 
pH value. Thus, mixtures of acidic proteins can be separated into in- 
dividual components or groups of similar proteins, presumably under con- 
ditions whereby no complex formation between the proteins takes place. 

Mixtures in varying ratios of albumin, orosomucoid, and certain az- 
glycoproteins dissolved in different solvents have been investigated. From 
an artificial solution of these three proteins in equal amount, albumin, as 
well as the glycoproteins, was recovered in relatively high yield. The 


5 Private communication from Dr. D. A. J. Tyrrell. 
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tendency for albumin to remain on the resin was much more pronounced 
when Fraction VI was chromatographed, which contained approximately 
50 per cent of albumin. If the supernatant solution of Fraction V, 1.e. 
Fraction VI, dissolved in a large volume of solution containing 40 per cent 
ethanol and ions other than citrate, was fractionated on identical columns, 
the following observations were noted particularly: (1) In the presence of 
40 per cent ethanol and at —5°, the dissociation of carboxylate groups of 
the resin and that of the ionizable groups of the proteins were changed in 
such a way that orosomucoid was adsorbed on a column which in the ab- 
sence of ethanol did not retain this protein. Thus, the separation of the 
proteins from the non-protein constituents present in the supernatant solu- 
tion of Fraction V was possible. After displacement of the ethanol from 
such a column, orosomucoid was eluted in a volume approximately ten 
times smaller than that in which the proteins had been applied. (2) Due 
to the particular composition of the starting solution, the eluted a2-glyco- 
proteins, although recovered completely, were contaminated with other 
proteins, in contrast to the homogeneous a:-glycoprotein fraction obtained 
when an artificial mixture of these proteins or Fraction VI was chromato- 
graphed. 

The present study on the chromatography of acidic proteins and the 
corresponding work of others on neutral and alkaline proteins (Fig. 6) 
indicate that any low molecular weight protein, irrespective of the isoelec- 
tric point, may be chromatographed on carboxylated ion exchange resin. 
The relationship between isoelectric point (pI) and the critical pH of elu- 
tion (pH,) as shown in Fig. 6 is represented by a relatively simple function 
between these two parameters. 


The authors wish to express their appreciation to Dr. J. L. Oncley, 
Harvard Medical School, for the gift of human serum albumin and to Dr. 
J. A. McComb, Division of Biologic Laboratories, Massachusetts Depart- 
ment of Health, for the supernatant solution of Fraction V. They also 
wish to extend their thanks to Dr. M. Goodman, Detroit Institute of Cancer 
Research, for the immunochemical analyses, to Dr. D. A. J. Tyrrell, Vi- 
rus Research Laboratory, Sheffield, for the determinations of hemag- 
glutinin inhibitory activity, and to Miss A. Polis for ultracentrifugal analyses. 


SUMMARY 


1. A method is described for the chromatographic fractionation of acidic, 
low molecular weight proteins on carboxylated ion exchange resins. 

2. This method was applied to the final purification of acidic glycopro- 
teins which had been prepared by procedures based on solubility differences. 

3. The very soluble proteins of normal human plasma, particularly 
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orosomucoid and certain a2-glycoproteins, were isolated directly from the 
supernatant solution of Fraction V (Method 6) and separated simultane- 
ously from each other. 


4. A simple relationship was observed between the characteristic values 


of elution and the isoelectric points of the low molecular weight proteins. 
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A SIMPLIFIED METHOD FOR MEASURING SEROTONIN 
IN TISSUES; SIMULTANEOUS ASSAY OF BOTH 
SEROTONIN AND HISTAMINE 


By HERBERT WEISSBACH, T. PHILIP WAALKES, anv 
SIDNEY UDENFRIEND 


(From the Laboratory of Clinical Biochemistry and the Clinic of General Medicine and - 
Experimental Therapeutics, National Heart Institute, National Institutes of 
Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


(Received for publication, September 20, 1957) 


Recent work in this laboratory has indicated that at least in the rabbit 
serotonin as well as histamine is involved in anaphylaxis (1). Experiments 
have shown that both serotonin and histamine are released into the plasma 
during anaphylaxis. In order to facilitate the studies on anaphylaxis a 
simple direct method for the determination of serotonin in whole blood was | 
developed, along with a method for the analysis of both serotonin and 
histamine on the same sample of blood or plasma. In addition, these 
methods have been applied to the analysis of serotonin and histamine in 
other tissues. A previous published method from this laboratory (2) 
for the chemical determination of serotonin in tissues, based on extraction 
of serotonin from the tissues into butanol, was not applicable to whole 
blood, since solvent extraction of this tissue yielded very poor recoveries of 
serotonin. 


Instruments 


Measurement of Fluorescence—A commercially available Aminco-Bow- 
man spectrophotofluorometer was used (3). 

Measurement of Optical Density—A Beckman DU _ spectrophotometer 
was used. 

Reagents— 

10 per cent ZnSO, .1 H.O and 1 nN NaOH. 

Reagent grade butanol. 

Heptane, prepared by washing commercially available n-heptane with 
an equal volume of 0.01 Nn NaOH, then 0.01 nN HCl, and finally twice with 
distilled water. 

Cotton-acid succinate (CAS) columns and salt mixture prepared ac- 
cording to the procedure of McIntire et al. (4). The CAS columns could 
be regenerated after each experiment by washing with 10 ml. of 0.5 N 
HCl followed by 30 ml. of deionized water. 
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The following reagents were prepared as described previously by Lowry 
et al. (5): sodium diethyldithiocarbamate (12.5 mg. per cent in deionized 
water). 2,4-Dinitrofluorobenzene (DNFB), 2 per cent (by volume) in 
absolute ethyl alcohol. 2-Octanone (practical grade). 

Carbonate buffer, pH 10, containing 21 gm. of anhydrous sodium carbon- 
ate and 8.4 gm. of sodium bicarbonate per liter of solution. 


EXPERIMENTAL 


Direct Method for Serotonin in Blood and Tissues 


In assaying for serotonin in blood! 1 ml. of blood was hemolyzed by the 
addition of 6 ml. of water, and then 1 ml. of 6.3 per cent NaCl was added: 
Tissues were homogenized in at least 2 times their volume of 0.1 N HCl. 
An aliquot of the homogenate (corresponding to no more than 2 gm.) was 
made up to 8 ml. with 0.9 per cent saline. The proteins were then pre- 
cipitated by the addition of 1 ml. of 10 per cent ZnSQO,, followed by 0.5 
ml. of 1 Nn NaOH. After thorough shaking, the tubes were centrifuged at 
2500 r.p.m. for 20 minutes. 1 ml. of the supernatant? fluid was transferred 
to a quartz cuvette containing 0.3 ml. of 12 Nn HCl. The fluorescence was 
measured in the spectrophotofluorometer (activation wave length, 295 
mu; fluorescent wave length, 550 my) as described previously (6). Known 
amounts of serotonin and a reagent blank‘ in which the tissue aliquot was 
replaced by saline were carried through the entire procedure. When 
serotonin was added to tissue homogenates, it was recovered to the 
extent of 85 to 100 per cent. | 

Table I compares the serotonin levels of various tissues obtained by the 
direct procedure described above with those obtained by the previously 
described extraction technique (2). It can be seen from Table I that the 
direct method yields values in good agreement with those obtained from 
the extraction procedure. Also, as shown in Fig. 1, the fluorescence 
characteristics obtained with tissue extracts and serotonin standards 
treated in this same manner were the same. In some tissues (brain, 


1 Since serotonin in blood is present in the platelets, it is important that the 
blood to be assayed be collected in siliconized vessels containing anticoagulant. 

2 It was found that, unless saline was employed, serotonin standards suspended 
in aqueous solution occasionally remained on the CAS columns. 

3 After centrifugation there is sometimes a thin layer of solid material on the 
surface of the tube. If a pipette is carefully placed under this layer, the required 
aliquot can be obtained containing no visible particles. It is essential for the fluo- 
rescent assay to have clear solutions. 

‘It was found that glassware washed with the ordinary laboratory detergents 
oceasionally had high fluorescent blanks. The glassware used for fluorescent assay 
was soaked in dilute HCI for several hours, before rinsing with water and drying. 
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homogenates of whole mice, blood of most species) the direct method 
could not be used, owing to the small quantity-of serotonin present and the 


TaBLeE I 
Comparison of Direct Method with Original Extraction Method 
Serotonin, per gm. or ml. 
Tissue 
Direct Extraction® 
Guinea pig intestine........................ 5.6 6.2 


* By procedure of Udenfriend et al. (2). 
t Could not be determined by extraction procedure. 


50 


ARBITRARY UNITS 


300 400 500 540 600 700 
WAVELENGTH 

Fic. 1. Fluorescence spectra of tissue extracts following zine hydroxide precipi- 
tation of proteins. The activation wave length was 295 mu. Curve A, 0.5 gm. of 
rabbit intestine; Curve B, 1 ml. of rabbit blood; Curve C, 0.25 gm. of rabbit intestine; 
Curve D, 3.0 y of serotonin; Curve E, reagent blank. A yellow filter (Corning No. 
3384) was employed to éliminate light scattering and fluorescence below 490 my. 
The presence of this filter did not affect the serotonin values. 


relatively large amounts of unknown fluorescent material. In general, the 
direct. procedure was not applicable to tissues containing less than 1 y of 
serotonin per gm. of tissue. Serotonin levels in the blood of rabbits, 
chicks, and patients with malignant carcinoid (7) could be assayed by the 
direct method. The serotonin levels in normal human, dog, and guinea 
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pig blood were too low to be assayed. The method was applicable to other 
tissues containing serotonin such as the intestine, spleen, and lung. Brain 
serotonin levels of most species vary between 0.4 and 0.8 y per gm. and, 
therefore, could not be assayed by this method. 


Zinc Hydroxide Protein Precipitation Followed by Extraction of Both 
Serotonin and Histamine and Assay of Both on 
Same Tissue Aliquot 


Normally the only 5-hydroxyindole present in tissues is serotonin, and 
the value obtained by the direct method corresponds to the serotonin level 
in the tissue. However, in certain instances (e.g. malignant carcinoid 
tumors, tissues removed from animals that received 5-hydroxytryptophan), 
other 5-hydroxyindole compounds were present. Since all 5-hydroxy- 
indoles have the same fluorescence characteristics, the direct method gives 
a value for total 5-hydroxyindoles and not for serotonin. By combining 
the zinc hydroxide-protein precipitation procedure with a modification of 
the extraction procedure of Udenfriend et al. (2), it was possible to obtain 
increased sensitivity and specificity. In addition, by employing a weak 
cation exchange resin, cotton-acid succinate, the serotonin found in tissues 
and blood could be separated from the histamine also present. 

After precipitation of the proteins (in whole blood and tissues as described 
above), and removal of 1 ml. of the supernatant fluid for direct 5-hydroxy- 
indole assay, 5 ml. of the remaining supernatant fluid were transferred to a 
15 ml. glass-stoppered shaking tube. 1.8 gm. of the salt mixture (4) were 
added to bring the pH to about 12.5. 5 ml. of butanol were added, and, 
after thorough shaking for at least 5 minutes, the tube was centrifuged at 
2000 r.p.m. for 15 minutes. 5 ml. of the butanol layer were then trans- 
ferred to the cotton-acid succinate column (4), and the butanol, after 
passage through the column, was collected in a 40 ml. glass-stoppered 
shaking tube. At this stage the butanol contained only serotonin, since 
the histamine originally present in solution had remained on the CAS 
column. After all the butanol had passed through the column (the columns 
retain 0.2 to 0.3 ml. of butanol which can be forced through by slight air 
pressure), the shaking tubes were removed, and the column was washed 
with 3 ml. of 95 per cent ethanol, followed by 3 ml. of deionized water. 
These washings were discarded, and the histamine was eluted from the 
CAS column into a 5 ml. glass-stoppered centrifuge tube with 1 ml. of 
0.1 n HCl, followed by 0.5 ml. of water. 

In the analysis of plasma, protein precipitation with zinc hydroxide was 
not necessary. The plasma could be extracted directly with butanol as 
described by McIntire et al. (4) and then treated in a manner similar to that 
described above. The procedure for assaying plasma was as follows: 


a 
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2 ml. of plasma were diluted to 4.5 ml. with saline in a glass-stoppered 
centrifuge tube. 1.6 gm. of the salt mixture were added, the tube was 
shaken, and 5 ml. of butanol were also added. After shaking and cen- 
trifugation, 4.6 ml. of the butanol were passed through the CAS column. 
Serotonin Assay—To the butanol which had passed through the CAS 
column, 10 ml. of washed heptane were added, followed by 1 ml. of 0.1 
nHCl. After shaking for 5 minutes, the tube was centrifuged at low speed 
to separate the two phases. The upper organic layer was removed by 
suction, and 1 ml. of the lower acid layer was transferred to a quartz 


TaBLeE II 
Comparison of Direct Procedure with Extraction Method 
Serotonin, 7 per gm. or ml. 
Tissue 
Direct precipitation | Precip extraction 

Rabbit intestine. 16.0 17.0 
9.0 8.8 
6.6 8.7 
3.1 3.1 
0.5 
0.43 
Guinea pig <0.2 <0.2 

Mouse mast cell tumor...................... 157 158 

170 181 

94 81 


cuvette containing 0.3 ml. of 12 Nn HCl and assayed spectrophotofluoro- 
metrically. 

The extraction procedure eliminated most of the interfering fluorescent 
materials in tissue and thus made it possible to assay for brain serotonin, 
which could not be done by the direct method. It was still not adequate 
for whole blood in which less than 0.3 y of serotonin was present per ml. of 
blood. 

Histamine Assay—The histamine assay is a modification of methods 
originally developed by McIntire et al. (4, 8) and Lowry et al. (5). To the 
5 ml. glass-stoppered centrifuge tubes containing the acid eluate from the 
CAS columns were added 0.04 ml. of sodium diethyldithiocarbamate, 
0.6 ml. of carbonate buffer, and the 2 per cent DNFB solution (0.05 ml. 
for plasma and 0.1 ml. for blood and tissues). After mixing, the tubes 
were heated at 60° for 30 minutes and cooled. 1 ml. of 2-octanone was 
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added to each tube; the tubes were shaken for 1 minute and centrifuged, 
0.9 ml. of the ketone layer was removed and added to 0.3 ml. of 2 N HC] 
in a small test tube. After mixing by swirling, the tubes were centrifuged, 
the ketone layer was carefully removed by aspiration, and the acid layer 
read at 360 my on the Beckman spectrophotometer. 

Standards and internal recoveries (containing both serotonin and his- 
tamine), as well as reagent blanks, were carried through the entire pro- 
cedure with each experiment. Both serotonin and histamine, when added 


TaBLeE III 
Tissue Histamine Values after Protein Precipitation with Zinc Hydroxide 
Derivatives, 7 per gm. or ml. 
Tissue 

DNFB* Diazotizationt 
1.7 2.7 
2.9 2.5 
6.0 8.0 
Rabbit small intestine...................... 5.8 5.8 
7.0 7.5 
3.8 4.6 
6.0 6.7 
12.3 13.3 
6.3 6.2 
2.9 2.5 
Rat small intestine......................... 15.0 16.3 
20.6 20.0 
13.0 17.0 


* Described in the text. 
t By the procedure of Rosenthal and Tabor (9). 


to tissue extracts, were recovered to the extent of about 80 to 95 per cent. 
The recovery of serotonin and histamine from plasma, from which these 
amines are extracted directly into butanol, was 100 per cent. Table II 
shows a comparison of the serotonin values obtained by the direct procedure 
and the extraction method after protein precipitation for several tissues. 
It can be seen that the methods are comparable. 

The histamine values obtained were checked by assaying tissue aliquots 
by the diazotization method of Rosenthal and Tabor (9) after protein 
precipitation with Zn(OH)» (Table III). There was also good agreement 
with the values presented here and those reported in the literature. In 
addition, tissue extracts of rabbit lung and intestine carried through the 
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entire procedure yielded chromatographically only one DNFB spot (butanol, 
acetic acid, H.O, 5:1:4) which had the same R, as histamine. The spectra 
of the DNFB derivatives obtained from several tissues, including rabbit 
lung, blood, small intestine, and brain, were similar to those obtained with 
pure histamine. As much as 100 y per gm. of spermine and spermidine 
(the major tissue-interfering materials) (5, 10) were found not to affect the 
histamine values. The specificity of the DNFB reaction for histamine as 
assayed by Lowry et al. and McIntire et al. has been thoroughly investigated 


by these authors (5, 8). 
SUMMARY 


1. A simple method for the determination of serotonin in tissue extracts 
has been developed. It consists of precipitation of the tissue protein with 
zinc hydroxide, followed by direct fluorometric measurement of the sero- 


tonin. 
2. A procedure has been presented for measuring both histamine and 


serotonin in the same tissue extract. After protein precipitation, both 
amines are extracted into butanol from alkaline pH. The butanol is 
passed through a cotton-acid succinate column, which separates the hista- 
mine from the serotonin. Both amines can then be assayed separately. 
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Kaplan et al. (1) have reported an 8- to 10-fold increase in the diphos- 
phopyridine nucleotide (DPN) content of livers from mice injected with 
nicotinamide. Although this phenomenon has been observed in the whole 
animal, attempts to induce the accumulation of DPN by incubating slices 
or homogenates of mouse liver with nicotinamide have so far been unsuc- 
cessful (2). No accumulation of intermediates or precursors of DPN in 
the organs of injected animals has been detected (1). 

The increase in liver DPN which results from the injection of nicotina- 
mide is reflected as a net increase in the total acid-soluble adenine, ribose, 
and organic phosphate content of the liver.'. This would indicate that 
nicotinamide causes either a mobilization or an increased synthesis of the 
other components of the DPN molecule. 

An attempt was made to study this aspect of the problem with the aid 
of labeled precursors. The present paper describes the incorporation of 
C-glucose and C"-ribose into the DPN and free adenine nucleotides of 
mouse liver after administration of nicotinamide. 


Materials and Methods 


Glucose uniformly labeled with C™ (glucose-U-C™) and glucose-1-C" 
were purchased from the Nuclear-Chicago Corporation and from the New 
' England Nuclear Corporation; glucose-6-C™ was purchased from the Nu- 
clear-Chicago Corporation and the Volk Radiochemical Company, and 
glucose-2-C" and ribose-1-C" from Dr. H. Isbell of the National Bureau of 
Standards. 

Nucleotide pyrophosphatase, free from 5’-nucleotidase, was prepared 
from lyophilized rattlesnake venom (Ross Allen’s Reptile Institute, Silver 
Springs, Florida) by a modification of the method of Hurst and Butler (3). 
2 gm. of snake venom were dissolved in 200 ml. of H.O and (after dialysis 
overnight) passed in succession through three columns of powdered filter 
paper, 3 cm. diameter X 25 cm. high. The pyrophosphatase was washed 
off with water, and removal of protein was followed by measuring optical 


1 Kaplan, N. O., personal communication. 
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density at 280 my. Pyrophosphatase activity was measured by following 
the destruction of DPN, as assayed with yeast alcohol dehydrogenase (4), 
Active pyrophosphatase fractions were lyophilized. The activity of the 
lyophilized enzyme was such that 1 mg. would split 25 umoles of DPN in 
1.0 ml. of 0.01 m MgCl, at pH 8.5 in 1 hour at 37°. Less than 0.2 umole 
of inorganic phosphate was hydrolyzed from 4 umoles of 5’-adenylic acid 
under the same conditions. 5’-Adenylic acid deaminase, prepared accord- 
ing to Nikiforuk and Colowick (5), was kindly supplied by Dr. L. A. Hep- 
pel. 

The animals used in these experiments were (BALB/cANxDBA/2J) 
F1 hybrid male mice, weighing 22 to 27 gm., maintained on stock Purina 
chow diet. 

Radioactivity was measured by plating aliquots on sintered glass plan- 
chets and counting at ‘‘infinite thinness” in a proportional gas flow counter. 

Isolation of DPN—Mice were injected intraperitoneally with various 
doses of nicotinamide in aqueous solution at a level of 0.01 ml. per gm. 
After an interval of 10 minutes, 5 ue. (1 to 3 mg. in 0.2 ml. of water) of 
labeled glucose or ribose were administered by intraperitoneal injection. 
DPN was extracted from the livers with trichloroacetic acid according to 
the method of Kaplan et al. (1). Where unlabeled DPN was added as 
carrier, the concentration of DPN in the trichloroacetic acid extract was 
first determined with yeast alcohol dehydrogenase (4). 

The DPN was precipitated from the trichloroacetic acid extract by add- 
ing 5 volumes of cold acetone. After standing overnight at —18°, the 
precipitate was removed by centrifugation, washed with acetone and then 
with ether, and dried in a vacuum desiccator. The supernatant solution 
was saved for the isolation of free adenylic acid. 

The acetone precipitate, which contained glycogen, flavin nucleotides, 
and various nucleoside polyphosphates besides DPN, was dissolved in 
water, and the DPN concentration of the resulting yellow solution was 
determined by the cyanide method (6). The yield of DPN from the livers 
of ten mice was usually 60 to 70 umoles. 

The crude DPN solution was adjusted to pH 7.5 with 1.0 m NH,OH and 
chromatographed on Dowex 1 resin, either in the formate or the chloride 
form (7). When the chloride resin was used, the DPN was eluted with 
0.003 nN HCl. Peak fractions were combined and lyophilized or evapo- 
rated under reduced pressure at room temperature. 

The purity of the DPN thus isolated was tested in a number of different 
ways. The specific activity (counts per minute per micromole) was found 
to remain constant during elution from the Dowex 1 resin. A single ultra- 
violet-quenching spot was obtained by paper chromatography in three dif- 
ferent solvent systems and by paper electrophoresis in 0.02 m citrate, pH 


3.4 
D 
n 
th 
or 
d 
ele 
pe 
t 
ac 
to 
e\ 
W 
N 
i 
CC 
pl 
(5 
t 
al 
t 
a 
ni 
t 
t 
it 
y 
0 
W 
y 
0 
t 
b 

| 


L. SHUSTER AND A. GOLDIN 875 


35. The ratio of Log/H35 in 1.0 mM KCN was the same as that of pure 
DPN, indicating that there was no significant contamination by other 
nucleotides. There was no significant change in specific activity when 
the isolated DPN was chromatographed again on Dowex | or on paper, 
or when it was reprecipitated with acetone. When the DPN was hy- 
drolyzed with purified snake venom pyrophosphatase and the mononu- 
cleotide fragments were separated by chromatography on Dowex 1 or on 
paper, the sum of the specific activities of the nicotinamide mononucleotide 
(NMN) and adenylic acid (AMP) moieties was in good agreement with 
the specific activity of the intact DPN. For determination of specific 
activity, the DPN concentration was measured by the cyanide method (6). 

Isolation of Free Adenylic Acid—Yree AMP was isolated from the ace- 
tone supernatant fraction after precipitation of DPN. The acetone was 
evaporated under reduced pressure, and most of the trichloroacetic acid 
was extracted with ether. The pH was adjusted to about 8 with 1.0 m 
NH,OH, and the AMP was isolated by chromatography on Dowex 1 resin 
in either the chloride or formate form (8). In later work it was found 
convenient to precipitate free AMP as the barium salt from the acetone 
supernatant fraction and remove the barium ions with K:SO, before chro- 
matography on Dowex 1. The eluate was concentrated under reduced 
pressure and the AMP concentration determined with 5’-AMP deaminase 
(5). The AMP thus determined was found to account for practically all 
the optical absorption at 260 my, any difference being attributable to small 
amounts of DPN as measured with cyanide. After elution from Dowex 1, 
the AMP was further purified by paper chromatography in 0.1 N acetic 
acid and ethanol (1:1). This effectively removed radioactive contami- 
nants present in the Dowex eluate. The concentration of the AMP in 
the eluate from the paper chromatogram was determined by measuring 
the optical density at 260 mu. 

Isolation of Mononucleotides from DPN—The DPN was hydrolyzed to 
its component mononucleotides by incubating at 37° with purified snake 
venom pyrophosphatase (0.3 mg. per wymole of DPN) in 0.01 m MgCl, and 
0.1 m tris(hydroxymethyl)aminomethane buffer, pH 8.5. The hydrolysis 
was followed to completion by measuring the amount of intact DPN with 
yeast alcohol dehydrogenase (4). It was also found convenient, in some 
cases, to omit buffer, adjust the solution to pH 8.5, and follow the release 
of acid by titrating with 0.01 xn NaOH to maintain the pH at 8.5 during 
the course of the reaction. After the uptake of the calculated amount of 
base, the extent of hydrolysis was checked with alcohol dehydrogenase. 

The resulting NMN and AMP were then isolated by chromatography 
on Dowex 1 formate (9) and lyophilized or concentrated under reduced 
pressure at room temperature. The concentration of NMN was deter- 
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mined by the cyanide method (6), and that of AMP was obtained by 
measuring optical density at 260 mu. 


Results 


 ffect of Nicotinamide upon Incorporation of C'*-Glucose—Table I shows 
the effect of administering 500 mg. per kilo of nicotinamide on the incorpo- 
ration of radioactivity from 5 uc. of C'*-labeled glucose into mouse liver 


TABLE I 
Incorporation of C4-Glucose into Mouse Liver DPN 


Administered NMN DPN-AMP Ratio, 
c.p.m. per umole |\c.p.m. per wmole \c.p.m. per pmole 
Glucose-U-C'% 10 700 570 95 6.0 
3 790 
Glucose-U-C™’ + nicotin- | 10 2750 1540 818 1.9 
amide 3 4330 
3 1820 
3* 3380 2112 1060 2.0 
3* 3250 
Glucose-1-C!4 3 835 
Glucose-1-C' + nicotinam- | 10 2430 1545 590 2.6 
ide 3 1860 | 
10 2020 1530 514 3.0 
Glucose-2-C™ + nicotinam- | 10 4380 3316 1268 2.6 
ide 
Glucose-6-C + nicotinam- | 10 2140 1810 400 4.5 
ide 10 2870 1850 700 2.7 


The dose of labeled glucose was 5 uc. per mouse in each case. Nicotinamide was 
administered at 500 mg. per kilo. Except where noted, the time between injection 
and killing was 7 hours. 

* Killed after 6 hours. 


DPN. The nicotinamide generally produced a 3- to 4-fold increase in 
the specific activity of the DPN. The position of the label in the glucose 
molecule did not seem to affect the extent of incorporation. Nicotinamide 
also appeared to change the distribution of radioactivity between the 
component mononucleotides of the DPN molecule by stimulating prefer- 
entially the labeling of the AMP moiety. In all cases the specific activity 
of the NMN was at least twice that of the AMP. Over 90 per cent of the 
radioactivity of the NMN was found in the ribose moiety (10). 

Effect of Different Amounts of Nicotinamide upon Labeling at 6 Hours— 
Increasing the dose of nicotinamide, which increases the DPN content of 


mouse liver, also increases the specific activity of both DPN and free | 
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AMP, as shown in Table II. The ratios,s NMN to DPN-AMP and free 
AMP to DPN-AMP, seem to decrease at the highest doses, suggesting a 
tendency to more rapid equilibration. , 


TABLE II 


Effect of Different Doses of Nicotinamide on Incorporation 
of Glucose-U-C™ into Mouse Liver Nucleotides 


Ratio Ratio, 
Nicotinamide DPN NMN DPN-AMP Free AMP Free AMP 
PN-AMP | DPN-AMP 


mg. per kg. | ¢.p.m. per pmole|c.p.m. per pmole|c.p.m. per pmole|c.p.m. per pmole 


0 272 226 39 178 5.5 4.5 
50 1145 815 134 388 6.1 2.9 
100 1340 870 131 426 6.6 3.3 
200 1290 1010 128 485 7.9 3.8 
500 3380 2112 1060 950 2.0 0.9 
1000 3230 2030 1070 1010 1.9 0.9 


Each value represents a sample of three mice, each injected with 5 ue. of glucose- 
U-C™ and killed 6 hours after injection. The values are corrected for dilution by 
unlabeled carrier added for the isolation of DPN. 


6000 
“5000 F 
4000F 
= 3000} - 
a. 2000 DPN (EXPT. 2), 
© !000F 
FREE AMP (EXPT. 2) 


0) 5 10 5 20 25 
HOURS AFTER C'* GLUCOSE + NICOTINAMIDE 
Fic. 1. Time-course of incorporation of glucose-U-C™ into mouse liver DPN and 
AMP. Each point represents a sample of three mice, each injected with 5 ue. of 
glucose-U-C™ and 500 mg. per kilo of nicotinamide. In Experiment 2 the DPN was 
isolated after the addition of unlabeled carrier to the trichloroacetic acid extract, 
and values are corrected for carrier dilution. In Experiment 1 no carrier was used. 


Time-Course of Incorporation of Glucose-U-C'\—The specific activity of 
DPN and free adenylic acid isolated from mouse liver at different times 
after injection of 5 uc. of ghucose-U-C™ and 500 mg. per kilo of nicotinamide 
is shown in Fig. 1. When the specific activity of DPN was multiplied by 
the amount of DPN obtained at any given time, it was found that the 
yield of radioactivity in DPN reached a maximum at 4 hours, after which 
it declined. 
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Effect of Time on Ratios, NMN to DPN-AMP and Free AMP to DPN. 
AM P—The change in these ratios is shown in Table III. It can be seen 
that DPN-AMP becomes labeled more slowly than either DPN-NMN or 


TABLE III 


Relative Labeling of Mouse Liver Nucleotides at Various Times after 
Administration of Glucose-U-C™ and Nicotinamide 


Time NMN DPN-AMP Ratio, | Ratio, AMP. 
hrs. c.p.m. per pmole C.p.m. per umole 
0.25 640 156 4.1 3.4 
0.5 1840 430 4.3 5.2 
1 3100 414 7.5 5.0 
2 3760 516 7.3 5.2 
4 1930 708 2.7 1.7 
7 1540 818 1.9 1.2 
16 2300 1270 1.8 0.8 
20 1015 510 2.0 0.9 
24 753 680 1.1 1.0 


The conditions were those described in Fig. 1. 


TABLE IV 
Incorporation of Ribose-1-C'* into Mouse Liver Nucleotides 
Control + nicotinamide 
c.p.m. per pmole c.p.m. per pmole 
NMN 
Ratio, 5pN-AMP CC 3.9 2.8 
. Free AMP 
Ratio, DPN-AMP CCC 1.5 0.6 


C4-Ribose was administered at 5 wc. per mouse. The dose of nicotinamide was 
500 mg. per kilo, and the time between injection and killing was 7 hours. When no 
nicotinamide was administered, the DPN was isolated after the addition of unla- 
beled carrier, and values were corrected for carrier dilution. 


free AMP, equilibrium between all three nucleotides being reached only 
after about 20 hours. 

Incorporation of Ribose-1-C'*—Under the conditions used in these ex- 
periments, C'4-labeled ribose was found to be incorporated into DPN and 
free adenine nucleotides to a much greater extent than C'-glucose, and 
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the effect of nicotinamide in increasing the labeling was more pronounced 
(Table IV). Ribose incorporation in the absence of added nicotinamide 
was just as great as glucose incorporation following administration of 500 
mg. per kilo of nicotinamide. In another experiment in which 3.5 uc. of 
ribose-1-C'* were administered per mouse, together with 500 mg. per kilo 
of nicotinamide, the specific activity of the DPN isolated after 7 hours 
was 14,000 c.p.m. per umole. There was as much as an 8-fold increase in 
labeling after nicotinamide injection. It is of interest that with ribose- 
1-C'* the specific activity of free AMP was found to be lower than that of 
the DPN-AMP when nicotinamide was given. 


DISCUSSION 


The rapid biosynthesis of DPN induced by the administration of nico- 
tinamide to the whole animal provides a useful method for studying the 
formation in vivo of the various constituents of the molecule. Thus, it 
becomes possible to follow the conversion of glucose to ribose and the 
synthesis of adenylic acid or the nicotinamide-ribose linkage. ‘The mech- 
anism by which nicotinamide induces DPN synthesis and stimulates the 
labeling of DPN and free adenine nucleotides is still not clear. It is ap- 
parent that nicotinamide must induce a net synthesis or mobilization of 
AMP for the formation of DPN. There is no detectable change in the 
amount of free adenine nucleotides or ribonucleic acid in the liver as a 
result of this synthesis.' In preliminary experiments, nicotinamide ad- 
ministration was not found to cause any significant change in the labeling 
of mouse liver ribonucleic acid by C'4-glucose during a period of 7 hours. 

There seems to be more rapid turnover in the normal animal of nico- 
tinamide ribose than of adenine ribose, but the effect of nicotinamide 
administration is more pronounced in the case of the adenine ribose. One 
possible explanation for the greater incorporation of C'*-glucose into the 
NMN of DPN as compared with the AMP is that the adenine nucleotides 
which enter into the formation of DPN are diluted by the body pool of 
adenine nucleotides. Since, however, there were so many occasions when 
the specific activity of the free adenine nucleotides was much greater than 
that of the DPN-AMP, this explanation does not seem to apply. 

The DPN pyrophosphorylase of liver nuclei (11, 12) catalyzes a freely 
reversible reaction between adenosine triphosphate and NMN to yield 
DPN and pyrophosphate. According to this scheme, one might predict a 
rapid equilibrium between the AMP of DPN and free adenine nucleotides, 
especially in a situation in which there is extensive synthesis of DPN. 
Such an equilibrium has not been observed in the experiments reported 
here until about 8 hours after administration of the labeled glucose. 

Preliminary experiments with C'-adenine and formate, under the con- 
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ditions used with C'*-glucose (7 hours), do not result in any marked differ. 


ences in specific activity between DPN-AMP and free AMP, and no stimu- 
lation of incorporation by nicotinamide administration has been observed. 
Other experiments with P*-labeled inorganic phosphate also gave results 
which are considerably different from those with labeled glucose in that 
there was more incorporation into DPN-AMP than into NMN in the ab. 
sence of nicotinamide, and equal labeling when nicotinamide was admin- 
istered.’ 


SUMMARY 


1. Diphosphopyridine nucleotide (DPN) and free adenylic acid were 
isolated from the livers of mice injected with nicotinamide and C. 
glucose or C"4-ribose. 

2. At 7 hours after administration of 5 ue. of labeled glucose per mouse, 
the DPN had an activity of 2000 to 3000 c.p.m. per umole when 500 mg. 
per kilo of nicotinamide were given simultaneously and about 700 to 800 
c.p.m. when no nicotinamide was given. When ribose-1-C™ was used, the 
respective values obtained were about 28,000 and 4000 c.p.m. per umole. 

3. The DPN was hydrolyzed with snake venom pyrophosphatase, and 
the constituent mononucleotides were isolated. The initial specific activ- 
ity of the nicotinamide nucleotide moiety was up to 7 times as great as that 
of the adenylic acid moiety, and the initial specific activity of free adenylic 
acid was up to 5 times as great. Equilibrium among these nucleotides was 
reached only about 20 hours after administration of C'-glucose and 
nicotinamide. 

4. The specific activity of DPN and free adenylic acid was found to 
increase with increasing dosage of nicotinamide up to a level of 500 mg. 
per kilo. 


The authors wish to thank Dr. N. O. Kaplan for his advice and interest 
in this work and Mrs. M. K. Howes for capable technical assistance. 
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Among the pathways which have been considered for the metabolic con- 
version of hexose to pentose are oxidative decarboxylation of phosphoglu- 
conate (1) and condensation of triose phosphate with a 2-carbon fragment 
(2). Although oxidative decarboxylation has been shown to play a major 
role in ribose formation in yeast (3) and Escherichia coli (4), and in ribitol 
formation in the mold Ashbya gossypii (5), the work of Bernstein (2) indi- 
cates that in the chick this pathway seems to be of only minor importance. 
He found that the labeling pattern of ribonucleic acid ribose isolated after 
administration of C'‘-labeled precursors such as acetate, glycine, and bi- 
carbonate was markedly different from that of carbons 2 to 6 of the glucose 
residues obtained from the liver glycogen of the same animals. The re- 
sults of similar work with rats have been interpreted by Bernstein as indi- 
cating approximately equal contributions from both pathways (6, 4). It 
has ‘been suggested that the data of Bernstein with chicks are in good 
agreement with the results expected from the operation of the transaldo- 
lase-transketolase pathway (7). This pathway would also appear to ac- 
count for up to one-half of the ribitol synthesis in A. gossypii and for 
most of the pentosan formation in plants (8). 

An 8- to 10-fold increase in liver DPN during 8 hours can be obtained 
by injecting mice with nicotinamide (9). This rapid and extensive syn- 
thesis of nucleotide ribose provides a convenient system for studying the 
conversion of hexose to pentose in the whole animal. It was found that 
considerable quantities of ribose-labeled DPN could readily be obtained 
by injecting mice with glucose labeled with C' together with nicotina- 
mide (10). This paper describes the distribution of label in the ribose 
obtained from mouse liver DPN after the injection of C'*-labeled glucose 
and ribose. The results are consistent with the hypothesis that, under 
the conditions used, oxidative decarboxylation accounts for only a minor 
portion of pentose biosynthesis and that the major pathway can be ex- 
plained in terms of the transaldolase-transketolase reactions. 
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Materials and Methods 


DPN was obtained from the livers of mice killed 6 or 7 hours after the 
administration of nicotinamide at a level of 500 mg. per kilo and 5 uc. 
per mouse of labeled glucose or ribose. The methods employed for the 
isolation of C'*-labeled DPN and its hydrolysis to nicotinamide mononu- 
cleotide (NMN) and adenylic acid (AMP) have been described previously 
(10). The mononucleotides were dephosphorylated with intestinal phos- 
phatase (Armour) or with the 5’-nucleotidase of crude snake venom (11). 
The nicotinamide riboside which resulted from the dephosphorylation of 
NMN was then hydrolyzed to free ribose by incubation at room tempera- 
ture for 1 to 3 hours, or at 8° overnight, in 0.1 N NaOH (12). After de- 
phosphorylation of AMP to adenosine, the ribose was obtained by hy- 
drolysis in 0.5 N H2SO, for 10 minutes at 100°. This was found to give a 
quantitative yield of reducing sugar as measured by the Somogyi-Nelson 
method (13). 

In some cases nicotinamide riboside was obtained directly by treating 
the DPN with crude snake venom, which splits the molecule into ade- 
nosine, nicotinamide riboside, and inorganic phosphate. When the reac- 
tion had gone to completion, as measured by the release of inorganic phos- 
phate, the resulting nicotinamide riboside was hydrolyzed in 0.1 N NaOH. 

Free ribose was isolated from these digestion mixtures by passing them 
through a column (0.5 X 15 cm.) of mixed bed resin (Amberlite MB-2) af- 
ter neutralization and the addition of 15 mg. of carrier ribose. The column 
was washed with water until no more reducing sugar came through as 
measured by the Somogyi-Nelson method (13). Any nucleotides, nu- 
cleosides, or free bases present in the digestion mixture remained adsorbed 
on the resin, as indicated by negligible optical density at 260 my in the 
effluent. In several experiments, over 90 per cent of the radioactivity of 
NMN could be recovered as free ribose. The peak ribose fractions were 
combined, 100 to 140 mg. of carrier ribose were added, and the solution 
was evaporated to a thick gum under reduced pressure. 

The degradation of ribose was carried out essentially by the periodate 
method of Bernstein (14). The potassium ribonate obtained by oxidizing 
the ribose with potassium hypoiodite according to Moore and Link (15) 
was recrystallized from water with methanol and then washed with meth- 
anol and ether (m.p. 185-187°). Total radioactivity was determined by 
wet (Van Slyke) combustion in a modified static combustion apparatus as 
described by Aronoff (16). Barium carbonate was counted on an alumi- 
num planchet at finite thickness, and the resulting activity was corrected 
for self-absorption. ‘The value thus obtained was usually about 5 per cent 
less than that obtained by counting an aqueous solution of potassium 
ribonate dried on a glass planchet. 
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It was also found convenient to carry out the reaction of potassium 
ribonate (about 0.3 mmole) with periodate in 0.5 m NaPO, buffer, pH 5.8, 
in a static combustion apparatus. After the air had been evacuated, the 
solid potassium ribonate was tipped into the periodate-buffer mixture. 
This resulted in a quantitative yield of BaCO; from carbon 1. At the 
end of 1 hour, excess periodate was destroyed with H.SO,, KI, and sodium 
arsenite according to Eisenberg (17), and the pH was adjusted to 7 to 8 
with 3.5 Nn NaOH. The formaldehyde (from carbon 5) was distilled into 
a flask containing 4 to 5 ml. of 5 per cent dihydrodimethylresorcinol (dime- 
don) in ethanol and 2.0 ml. of 1.0 m acetate buffer, pH 5.6. Distillation 
was carried almost to dryness and repeated twice after the addition of 
water. The formaldimedon was allowed to crystallize overnight at 8° and 
then recrystallized from 50 per cent ethanol (m.p. = 189-190°). A 
weighed sample of formaldimedon was dissolved in a small amount of 
1.0 n NaOH and counted on a glass planchet. 

The residue after distillation of formaldehyde was acidified to pH 1 to 2 
with 5 N H.SO, and steam-distilled. The distillate (200 ml.), containing 
formic acid from carbons 2 to 4, was titrated with 0.05 n NaOH. Any 
iodine which distilled over was extracted with chloroform before the titra- 
tion. The yields of formaldehyde and formic acid were quantitative. 
After adjusting to pH 7.5, the sodium formate solution was boiled down 
to a small volume on a hot plate and made up to 5.0 ml. with water. An 
aliquot was counted directly on a glass planchet, and the remainder was 
usually oxidized to CO, with HgCl: according to Eisenberg (17) and 
counted as BaCO;. There was generally good agreement between the two 
values thus obtained, although the activity of the BaCO; tended to be 5 
to 10 per cent lower than that of the sodium formate. 


Results 


The fact that the label from glucose-1-C™ was incorporated into DPN 
to the same extent as that from glucose labeled in other positions (10) 
makes it seem unlikely that any considerable amount of DPN ribose is 
formed by oxidative decarboxylation. There is little likelihood that the 
NMN portion of DPN would be labeled in any position other than the 
ribose moiety as a result of the administration of glucose-1-C". Schmitz 
et al. (18) have shown that the adenine nucleotides isolated from rat tissues 
8 hours after the injection of glucose-1-C™ contained C" only in the ribose. 

The label from glucose-1-C" enters largely into carbon 1 of DPN ribose, 
as shown in Table I. The relatively low amount of activity which enters 
carbon 1 of ribose from glucose-2-C™ is a further indication of the small 
contribution of oxidative decarboxylation to pentose biosynthesis. Most 
of the label in this case is found in pentose carbons 2 to 4. 
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These data also show that, in spite of the considerable differences in the 
amount of radioactivity incorporated into the constituent mononucleotides 
of DPN and into the free adenine nucleotides of liver (10), the pathway of 
ribose formation for all three nucleotides seems substantially the same. 
Ribose, which is more readily incorporated into DPN than glucose, seems 
to enter the molecule without undergoing any randomization. 


TABLE I 


Distribution of Radioactivity Incorporated from C'-Glucose and 
C'4-Ribose into Ribose of Mouse Liver Nucleotides 


Distribution of label in ssium 
ribonate 


Precursor Nucleotide degraded pony 
Ci Cs 
c.p.m. per mmole per cent per cent per cent 

Glucose-1-C' DPN-NMN 7,660 64 10 14 
DPN-AMP 2,610 71 ll 16 

Free AMP 1,780 | 10 10 

Uniformly labeled glu- DPN (NMN) 9 , 200 25 51 17 

cose-C!4 

Glucose-2-C' DPN-NMN 25 , 800 6 89 6 
DPN-AMP 6,590 10 95 14 

Ribose-1-C" DPN (NMN) 17,980 103 0 | 0 


DPN-NMN and DPN-AMP denote the respective nucleotides separately iso- 
lated and degraded after cleavage of DPN by nucleotide pyrophosphatase. DPN 
(NMN) refers to the degradation of the entire DPN in which the ribose is assumed 
to be derived from the NMN portion of the molecule. 


DISCUSSION 


The data presented here seem to indicate that oxidative decarboxylation 
plays only a minor role in the synthesis of DPN ribose from glucose in the 
whole mouse. The extent to which oxidative decarboxylation was found 
to contribute to this conversion, 5 to 10 per cent as indicated by the results 
with glucose-2-C"™, is in good agreement with the recent estimates of Ash- 
more et al. (19) obtained by comparison of CO, yields from glucose-6-C" 
and glucose-1-C'. This is considerably less than some of the values pre- 
viously reported for the contribution of oxidative decarboxylation to the 
metabolism of glucose (20). The possibility of species differences cannot 
be ruled out, of course, especially since Abraham et al. (21) have reported 
that mouse liver, in contrast to rat liver, yields equal amounts of CO, 
from glucose-1-C™ and glucose-6-C". The degradation of DPN isolated 
after the injection of nicotinamide and glucose-2-C" could provide a con- 
venient method for the direct measurement of the contribution of oxidative 
decarboxylation to the synthesis of ribose in various tissues. 
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In the transaldolase-transketolase pathway, carbons 1 and 2 of hexose 
become carbons | and 2 of pentose (7). The distribution of labeling not 
directly attributable to this pathway can be explained in a number of 
ways. In view of the considerable release of C“O, observed when rats 
were injected with glucose-1-C™ (22), the labeling of positions 2 to 4 of 
ribose might be explained by fixation of CO, into carbons 3 and 4 of 
precursor glucose (6). The labeling of carbon 5 in this case could be at- 
tributed to the operation of triosephosphate isomerase, which would tend 
to make carbon | of glucose behave like carbon 6, as suggested by Plaut 
and Broberg (5) in the case of ribitol biosynthesis. This latter mech- 
anism could also result in the incorporation of label from glucose-2-C™ 
into position 4 of ribose as well as position 2. 

The transaldolase-transketolase pathway is reversible, and Hiatt (23) 
has now reported that in the mouse this pathway can account for the rapid 
incorporation of ribose-1-C™ into the glucose residues of liver glycogen. 
These observations, and others relating to pentose-hexose conversion (8, 
24), emphasize the importance of the transaldolase-transketolase pathway 
as a synthetic mechanism rather than merely an alternate pathway for 
the breakdown of glucose. | 


SUMMARY 


1. Diphosphopyridine nucleotide was isolated from the livers of mice 
injected with nicotinamide and glucose-1-C"™, glucose-2-C™, uniformly la- 
beled glucose-C", or ribose-1-C. The ribose isolated from it was con- 
verted to potassium ribonate and degraded by treatment with periodate. 

2. About 70 per cent of the radioactivity incorporated from glucose-1-C™ 
was found in carbon 1 of the ribose, and 90 per cent of the activity from 
glucose-2-C™ was found in carbons 2 to 4. This is taken to indicate that 
the transaldolase-transketolase pathway can account for most of the con- 
version of glucose to ribose in this case, while oxidative decarboxylation 
contributes 5 to 10 per cent. 

3. Ribose-1-C™ was found to be incorporated without randomization. 


The authors wish to express their appreciation to Dr. N. O. Kaplan and 
Dr. B. L. Horecker for valuable criticisms and advice and to Mrs. M. K. 
Howes for technical assistance. 
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ELECTROLYTE IMBALANCE IN VITAMIN 
B.-DEFICIENT RATS* 
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The importance of vitamin Bs, in water metabolism has been studied 
extensively. Stebbins (1) demonstrated an impaired water metabolism 
in animals deprived of vitamin Bs. Lepkovsky and colleagues (2) sug- 
gested that derangement of water metabolism may be involved in the 
occurrence of fits in vitamin B,-deficient rats. Guggenheim (3) observed 
that rats in a state of vitamin Bg deficiency show a delayed diuretic response 
to a water load test. Since water balance and electrolyte concentrations 
bear a close relationship, it was of interest to study the effect of dietary 
deprivation of vitamin Bg on electrolyte concentration. This is particu- 
larly so in view of the recent report of Olsen and Martindale (4) demon- 
strating that vitamin Be-deficient animals were in a state of hypertension. 

The studies to be presented in this report deal with the influence of 
dietary vitamin Bg restriction on Na and K concentrations of serum and 
tissues in rats maintained on a high or low fat diet. 


EXPERIMENTAL 


Young and adult rats of both sexes of the McCollum strain were used 
for this investigation. The animals were placed in individual screen- 
bottomed cages and kept on a casein-sucrose basal diet supplemented with 
all the known vitamins except vitamin Be. or pantothenic acid whose de- 
ficiency was to be developed. Half of the animals were used as controls 
and were given intraperitoneal injections of an aqueous solution of pyri- 
doxine- HCl (0.5 mg. in 0.5 ml.) or of calcium pantothenate (0.5 mg. in 
0.5 ml.) three times a week. In some studies (see Table I), deoxypyri- 
doxine was administered in order to accentuate vitamin Be deficiency. 
All animals were kept on the deficient diet until the untreated animals 
developed outward signs of deficiency, such as acrodynia (vitamin Bs 
deficiency) and bloody whiskers (pantothenic acid deficiency). The com- 
positions of the vitamin B,-deficient diet with a high fat content and of the 
pantothenic acid-deficient diet have been published elsewhere (5). The 


* This work was supported by grants-in-aid from the Atomic Energy Commission 
(AT (30-1)1203) and the United States Public Health Service (A-435(C-3)). 
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vitamin Be-deficient diet with a low fat content consists of casein 20 per 
cent, sucrose 69 per cent, salts (5) 4 per cent, corn oil 5 per cent, and vita- 
min supplements as indicated in the previous publication (5). Food and 
drinking water, which contained no detectable Na and K, were supplied 
ad libitum. 

Prior to killing, the animals were fasted for 24 hours in order to minimize 
the possible residual effects of dietary Na, K, and Cl on serum and tissue 
levels. Blood was drawn with a dry glass syringe and was allowed to clot. 
Serum was separated by centrifugation. Heart, kidneys, and a portion 
of the excised liver were gently blotted free of blood and weighed immedi- 
ately on a Roller-Smith precision balance. The gastrocnemius muscle 
samples, freed of nerves lying on the surface or entering its body, were 
also obtained and weighed immediately. All tissue specimens were dried 
overnight at 60°, reweighed, and then ashed at 500° + 30° for 24 hours. 
The ash was dissolved quantitatively in 5 or 10 ml. of 1 N hydrochloric 
acid and diluted to an appropriate volume. Further dilutions of serum 
and tissues were made with sodium- and potassium-free distilled water in 
volumetric flasks at room temperature. These two cations were deter- 
mined by using a Baird flame photometer, model DB2, with a lithium in- 
ternal standard, and their concentrations were expressed as milliequivalents 
per liter of serum or per kilo of wet tissues. The moisture content of tissues 
was calculated as percentage of the wet weight. In one experiment serum 
chloride was estimated by the titration method of Wilson and Ball (6). 
Glutamic-oxalacetic transaminase (GOT) activity in serum was determined 
by measuring the disappearance of reduced diphosphopyridine nucleotide 


(7). 
Results 


The extent of deficiency of vitamin Bes in the experimental rats was 
exhibited by (a) the loss of body weight or the retardation of growth rate 
and (b) the decrease in serum GOT activity. The results of a typical 
example (Table I) demonstrated that 3 month-old male rats kept on a 
vitamin Be-free diet (low fat) for 4 weeks showed a slower growth rate and 
a marked reduction of serum GOT activity, as compared with pyridoxine- 
treated animals. 

The Na and K concentrations of sera of vitamin Be-deficient female 
rats, produced by deprivation of dietary vitamin Bg alone and by injections 
of deoxypyridoxine in addition, and of pyridoxine-treated animals were 
determined. The results in Table II indicate that serum K concentration 
was lowered only slightly by dietary deprivation of vitamin Bes and 
markedly by the additional administration of deoxypyridoxine. On the 
other hand, a significant increase of serum Na concentration was observed 
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in both groups of deficient animals. Since pantothenic acid is essential 
for water balance (3), Na and K levels in serum of pantothenic acid-defi- 


TABLE I 


Effect of Vitamin Bs Deficiency on Growth Rate and Serum Glutamic-Oralacetic 
Transaminase Activity of Male Rats 


Average body weight 
Animals used 
Initial Final 
gm. gm. units per ml. 
Deficient (10)*.................. 206 + 2.8T 251 + 13.5 35 + 2.0 
Pyridoxine-treated (6)............| 196 + 4.1 333 + 18.5 57 + 6.2 


* The figures in the parentheses indicate the number of rats used. 
t Standard error of the mean. 


TABLE II 


Effect of Vitamin By or Pantothenic Acid Deficiency on Serum Na and K 
Concentrations in Rats 


Body weight 
Na 
| 


concentration concentration|/ V@lue 
Initial | Final 


gm. gm. m.eq. per I. m.eq. per |. 
Adult female rats | 
Vitamin Be-deficient 266 + 17.7¢ 231 + 19.3146 + 2.8 <0.015.3 + 0.3 
(6)* | 
Deoxypyridoxine- 259 + 6.6 (175 8.1148 + 2.4 <0.013.9 + 0.1/<0.01 
treated{ (6) 
Pyridoxine-treated (258 + 8.8 259+ 5.1/138 + 2.1 5.6 + 0.5 
(6) 
Young male rats 
Pantothenic acid- 92+ 1.6 (253 + 14.4147 + 1.9 5.4 + 0.5 
deficient (7) 
Pantothenic acid- 90 + 1.7 344 + 34.2146 + 1.6 5.3 + 0.4 
treated (8) 


* The figures in the parentheses indicate the number of rats used. 

t Standard error of the mean. 

¢t An aqueous solution of deoxypyridoxine-HC1 (0.75 mg. per 0.5 ml.) intraperi- 
toneally three times per week. 


cient male rats were also measured. The results in Table II illustrate that 
pantothenic acid deficiency, unlike vitamin Bg deficiency, resulted in little 
or no effect on the concentration of either serum Na or K. 

In another experiment twelve female rats (9 weeks old) were offered a 


diet, deficient in vitamin Bs and with a high fat content, for 4 weeks, after 
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TABLE III wi 
Effect of Vitamin Be Deficiency on Serum and Tissue Na and K in Female Rats fo 
Receiving High or Low Fat Diet liv 
High fat diet Low fat diet Wwé 
P value | Deficient |Pyridozine. | value Ni 
Initial body weight, gm. | 178 178 114 115 K, 
+8.2¢ | +4.9 +6.2 +4.3 ons 
Final body weight, gm. 173 197 <0.01 142 182 <0.01 
+3.0 | 45.5 45.4 | 43.5 th 
Serum 
Na, m.eq. per l. 143.0 135 <0.01 | 150.4 138 <0.01 
+2.5 +1.9 +1.2 +2.5 
4.5 4.7 4.0 4.1 
+0.5 +0.2 +0.3 +0.4 
Liver 
Na, m.eq. per kilo 43.3 45.4 Av 
+2.4 +1.4 Ser 
77.2 78.0 
+2.5 +4.5 k 
H:0, % 71.2 71.7 Fin 
+0.7 +0.5 Ser 
Kidneys N 
Na, m.eq. per kilo 67.5 68.3 K 
+4.0 +5.7 poe 
+3.9 +5.8 are 
HO, % 75.0 76.2 t 
+0.5 +1.6 t 
Heart § 
Na, m.eq. per kilo 74.3 83.2 wit 
+9.0 +9.7 
K, 47.6 44.6 
+3.0 | 44.8 
H.0, % 78.2 | 78.1 but 
+0.3 | +0.9 ind 
Muscle eres 
Na, m.eq. per kilo 20.6 30.2 | <0.01 23.7 27.8 | <0.05 con 
+0.8 +2.4 +1.2 +1.3 con 
K, 118.8 103.2 | <0.01 | 104.2 93.5 | <0.05 
+4.9 | +1.8 +2.4 | 44.7 I 
H,0, % 75.9 75.7 76.1 75.5 vite 
+0.5 | +0.5 +0.2 | +0.35 fou 
* The figures in the parentheses indicate the number of rats used. . a 
t Standard error of the mean. ; 
defi 
diet 
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which the animals were given injections of pyridoxine or water, respectively, 
for 2 additional weeks. At this time the amount of Na and K in serum, 
liver, kidneys, and muscle was determined. Another group of twelve rats 
was fed a vitamin Be-deficient diet, low in fat, for 4 weeks, and one-half of 
these animals received injections of pyridoxine. The concentrations of 
Na and K in serum, heart, and muscle were determined. | 

Again it is observed (Table III) that the levels of serum Na, but not of 
K, of the deficient rats were elevated irrespective of the dietary fat con- 
centration. The concentrations of Na and K in the liver and kidneys of 
the rats on a high fat diet were not different from those of controls. A 


TABLE IV 
Reversibility of Vitamin Bs Deficiency on Serum Na Concentration 
Condition Deficient (Group B)* ee 
Average body weight,f gm. | 237 + 4.5} 270 + 5.1 
Serum 
Na, m.eq. per l 153.2 + 1.8 144 +1.4 
oS 5.4 + 0.4 5.7 + 0.7 
Final body weight,§ gm. 258 + 2.4 (Group B, treated) 
Serum 
Na, m.eq. per l. 145.2 + 
K, 5.6 + 
A 


* The treatments given to Groups 
are described in the text. 

t Weight at the end of 5 weeks. 

t Standard error of the mean. 

§ The rats were previously on pyridoxine-deficient diet for 5 weeks, then treated 
with pyridoxine injections (0.5 mg. per 0.5 ml.) three times per week for 2 weeks. 


possible reduction in cardiac Na due to vitamin Bs deprivation was noted, 
but no statistical significance in this result was attained owing to large 
individual variations. Vitamin Bg deficiency resulted in a striking de- 
crease of Na and an increase of K in muscle. No difference in moisture 
content in the tissues examined was observed in either the deficient or the 
control groups. 

In addition to serum Na and K, the Cl levels of vitamin Be-deficient and 
vitamin B-treated groups (six male rats in each group) were measured and 
found to be essentially the same, being 112 + 0.6 and 114 + 0.9 m.eq. 
per liter, respectively. 

To be certain that elevation of serum Na levels was due to vitamin Bg 
deficiency, eleven 8 week-old male rats were put on a vitamin Be-deficient 
diet (high fat), five of which (Group A) received pyridoxine by injection. 
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The remainder served as controls (Group B). 5 weeks later, the animals 
in both groups were bled, and their sera were analyzed for Na and K. 
Pyridoxine was then given subcutaneously to the deficient animals (Group 
B) for 2 additional weeks, and the analyses for Na and K were repeated. 
The results (Table IV) demonstrated that vitamin Beg deficiency brought 
about an increase in serum Na concentration which was corrected by the 
subsequent injection of pyridoxine. No change in serum K concentration 
was observed. 


DISCUSSION 


The findings reported in this paper indicate that an adequate intake of 
vitamin Beg is essential for the maintenance of Na and K balance in rats 
inasmuch as dietary deprivation of the vitamin results in an elevation of 
the serum Na level. When the deficiency was accentuated by the injection 
of the antimetabolite, deoxypyridoxine, a reduction of serum K concentra- 
tion was noted. Several investigators (8, 9) have reported that hyperten- 
sive rats showed a definite increase in the serum Na concentration. The 
elevation of serum Na may possibly have caused the increase in blood pres- 
sure of vitamin B,-deficient rats reported by Olsen and Martindale (4). 

It is of interest to point out that vitamin Be deficiency produced an in- 
crease in K and a decrease in Na levels of muscle, but not of heart, liver, 
or kidneys. These observations may explain certain symptoms of vitamin 
Bg deficiency, such as hyperirritability and muscle incoordination. Hansen 
et al. (10) reported an increased retention of magnesium, potassium, cal- 
cium, and phosphorus following the administration of pyridoxine in infants 
maintained on a convulsigenic milk preparation, and it was suggested that 
the convulsive seizures were related to mineral imbalance. These earlier 
findings, together with those presented in this report, emphasize the pos- 
sible importance of dietary vitamin Bg in the maintenance of mineral bal- 
ance. 


SUMMARY 


1. Serum glutamic-oxalacetic transaminase activity was greatly reduced 
in rats on a vitamin B,-free diet. 

2. Serum Na levels of rats on a vitamin Be-deficient diet, with either a 
high or low fat content, were elevated. This phenomenon could be fully 
reversed by subsequent treatment with pyridoxine. 

3. Serum K levels were reduced in vitamin Be-depleted rats only when 
deoxypyridoxine was also given. Serum Cl levels were found to be normal 
in vitamin Be-deficient rats. 

4. Vitamin Bg deficiency resulted in a marked elevation of muscle K and 
in a definite reduction of muscle Na, but was without effect on Na and K 
levels in heart, liver, and kidneys. 


No ofr 


10. 


10. 


J. M. HSU, R. L. DAVIS, AND B. F. CHOW 895 


BIBLIOGRAPHY 


. Stebbins, R. B., Am. J. Physiol., 166, 538 (1951). . 
. Lepkovsky, 8., Krause, M. E., and Dimick, M. K., Science, 95, 331 (1942). 
. Guggenheim, K., Endocrinology, 55, 156 (1954). 


Olsen, N.8., and Martindale, W. E., J. Clin. Invest., 31, 652 (1952). 
Hsu, J. M., and Chow, B. F., Arch. Biochem. and Biophys., in press. 


. Wilson, D. W., and Ball, E. G., J. Biol. Chem., 79, 221 (1928). 
. Steinberg, D., Baldwin, D., and Ostrow, B. H., J. Lab. and Clin. Med., 48, 144 


(1956). 


. Laramore, D. C., and Grollman, A., Am. J. Physiol., 161, 278 (1950). 
. Fregly, M. J., Yates, F. E., and Landis, E. M., Proc. Soc. Exp. Biol. and Med., 


90, 695 (1955). 
Hansen, A. E., Wiese, H. F., Adam, D. J. D., Bussey, D. R., and Worsham, A. G., 
Federation Proc., 13, 460 (1954). 


als 
K. l 
od 
5. 
he 6 
its 
of 
on 
n- 
he 
r, 
in 
l- 
ts 
it 
|. 
d 
1 
¢ 


| 

| PE 
(f 
( 

in 
Th 
pe 
| acl 
his 
re] 
me 
cal 
| pe 
—soeff 
to 
in’ 
; th: 
ad 
TI 
th 
of 
m: 
tic 
by 
ni 
de 
| dr 
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Glycylasparagine has been found to be more effective than aspartic acid 
in reversing the inhibition of adaptive enzyme synthesis by cysteic acid or 


6-hydroxyaspartic acid or combinations of these synergistic inhibitors (1). 


The results were interpreted to indicate a pathway of utilization of the 
peptide not involving the inhibited enzymatic utilization of the free amino 
acid. Also, histidine peptides have been reported to be more effective than 
histidine in stimulating production of tetanus toxin (2). However, most 
reports concerning peptides and keto acids have involved growth experi- 
ments which have indicated in general that keto acids as well as peptides 
can perform essential functions for which they are utilized in some cases 
more effectively than the corresponding amino acids (3-10). Certain 
peptides and keto acids are antagonized by their specific analogues more 
effectively than by the corresponding free amino acid analogue (6, 7). 

Growth data, in many instances, do not permit a definite conclusion as 
to whether the separate routes of utilization of peptides and keto acids 
involve protein synthesis or essential functions of these compounds other 
than protein synthesis. A study of peptide and keto acid utilization in 
adaptive enzyme formation affords a more direct approach to this problem. 
The present investigation involves a study of the inhibitory effects of 
thienyl analogues on the utilization of phenylpyruvic acid and of peptides 
of phenylalanine in replacing phenylalanine in the synthesis of the adaptive 
malic enzyme in Lactobacillus arabinosus. The results indicate that pep- 
tides and the keto acid of phenylalanine are utilized for enzyme synthesis 
by routes which do not involve an essential site of utilization of phenylala- 
nine. 

*In part from a thesis submitted by Paul W. Ifland in partial fulfilment of the 


degree of Doctor of Philosophy, The University of Texas. 
t Predoctoral Fellow of the National Institutes of Health, 1955-56; present ad- 


dress, The Procter and Gamble Company, Cincinnati, Ohio. 
t Predoctoral Fellow of E. I. du Pont de Nemours and Company, Inc. (1954-55). 
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EXPERIMENTAL 


pi-phenylalanylglycine, — and 
phenylpyruvic acid were obtained from standard commercial sources, 
B-2-Thienyl-pL-alanylglycine, glycyl-8-2-thienyl-pL-alanine, 8-2-thieny]- 
pL-alanine, and 2-thienylpyruvic acid were prepared as previously de- 
scribed (6, 11). 

Assay Methods—The rate and extent of ‘‘malic enzyme” synthesis in 
L. arabinosus 17-5 were determined by the previously described procedure 
(1). This procedure was modified for the data presented in Tables | 
and III by increasing the amino acid concentrations to 100 y per ml. of 
the t form or 200 y per ml. of the pt form and omitting phenylalanine from 
the medium in all experiments except as indicated in Tables I, II, and III. 


RESULTS AND DISCUSSION 


The comparative activities of 8-2-thienyl-pL-alanine and glycyl--2- 
thienyl-pL-alanine in inhibiting the utilization of phenylalanine, glycyl- 
pL-phenylalanine, and phenylpyruvic acid are indicated in Table I. Al- 
though a slight synthesis of enzyme occurs in the absence of exogenous 
phenylalanine, this apparently is the result of a small supply of endogenous 
phenylalanine, since in separate experiments supplements of thienylalanine 
greatly reduce the amount of enzyme synthesis occurring in the absence 
of exogenous phenylalanine. The requirement for phenylalanine for 
optimal enzyme synthesis can be supplied by either glycylphenylalanine 


or phenylpyruvic acid. The utilization of phenylalanine for enzyme syn- } 
thesis is inhibited by thienylalanine, but glycylthienylalanine has no more | 


than a slight effect even at concentrations 10 times that at which thienylala- 
nine exerts an appreciable inhibitory effect. However, the utilization of 
glycylphenylalanine for enzyme synthesis is inhibited by glycylthienylala- 
nine but not by thienylalanine even at relatively high concentrations. The 
utilization of phenylpyruvate for enzyme synthesis is not inhibited by 
either thienylalanine or glycylthienylalanine even at relatively high con- 
centrations. However, in separate experiments, 0.5 mg. per ml. of 
2-thienylpyruvate reduced the effect of 5 y per ml. of the keto acid to 46 
per cent of the control. Although the inhibitory effects of low concentra- 
tions of thienylpyruvate are reversed competitively by phenylpyruvate, 


concentrations of 2 to 5 mg. per ml. of either thienylpyruvate or phenyl- | 


pyruvate exert an inhibitory effect on the system which cannot be reversed | 
by phenylpyruvate, phenylalanine, or glycylphenylalanine. Lower con- > 


centrations of thienylpyruvate do not inhibit the utilization of either 
phenylalanine or its peptide, and the non-competitive inhibition obtained 


at high concentrations of thienylpyruvate, as well as phenylpyruvate, | 
prevents interpretation of results at high concentrations. In separate | 
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experiments, both phenylpyruviec acid and glycyl-pL-phenylalanine were 
found to be more effective than pi-phenylalanine in promoting malic 
enzyme synthesis. Since other natural amino acids undoubtedly exert an 
inhibitory effect on the utilization of phenylalanine, the inability of these 
amino acids to antagonize the keto acid or peptide could account for this 
differential in activities. 


TABLE I 


Comparative Activities of Thienylalanine and Glycylthienylalanine 
in Inhibiting Malic Enzyme Synthesis 


Analogue 
Enzyme activity, per cent control* 
Fog mg. per ml. 
pL-Phenylalanine.............| 20 0 96 96 
1 56 
2 51 92 
5 33 90 
10 27 82 
5 0 95 95 
1 64 
2 89 44 
5 33 
10 92 
Phenylpyruvate..............| 5 Of 100 100 
5 92 92 


* Per cent of carbon dioxide evolution of the control containing 100 y of pL-phenyl- 
alanine per ml. of medium and no inhibitor after 1 hour of incubation in the pres- 


ence of malic acid. 
t A supplement of 0.5 mg. of 2-thienylpyruvate with the phenylpyruvate gave 
enzyme activity equivalent to 46 per cent of control. 


In the presence of a high concentration of thienylalanine, glycylphenyl- 
alanine is considerably more effective than phenylalanine in promoting 
malic enzyme synthesis (Table II). Even an amount of phenylalanine 
slightly below that which reverses the effect of thienylalanine does not 
appreciably enhance the response to low concentrations of glycylphenyl- 
alanine. However, under these conditions, glycylthienylalanine inhibits 
competitively the response to glycylphenylalanine with an inhibition 
index' of 500 for 70 per cent inhibition over a range of concentrations. 


1 Ratio of concentration of inhibitor to substrate necessary for a defined inhibition. 
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The competitive inhibition of peptide utilization can be obtained in the 
presence of much larger amounts of the free amino acids in this manner. 

Similar results to those obtained in Table II with glycylphenylalanine 
and glycylthienylalanine were also obtained with phenylalanylglycine and 
thienylalanylglycine. Phenylalanylglycine is approximately as effective as 
glycylphenylalanine, and thienylalanylglycine inhibits its utilization with 
an inhibition index! of about 500 for 70 per cent inhibition. 


TABLE II 


Reversal of Thienylalanine and Glycylthienylalanine Inhibitions 
of Malic Enzyme Synthesis 


Supplements, units* per ml. 


Glycyl-pt-phenylalanine 
Enzyme activity, per cent of controlt 
20 5000 0 31 59 63 70 76 
20 5000 200 41 56 
20 5000 500 32 47 60 77 
20 5000 1,000 28 36 55 72 
20 5000 2,000 28 37 55 
20 5000 5,000 30 36 
20 5000 10,000 29 
50 5000 0 51 
100 5000 0 70 
200 5000 0 75 
0) 5000 0) 12 46 59 80 


* 1 unit is equivalent to 1 y of phenylalanine or thienylalanine. 
t Per cent of carbon dioxide evolution of the control, containing 20 units of phen- 
ylalanine in the absence of inhibitors, after 1 hour of incubation with malice acid. 


Kither phenylpyruvate or glycylphenylalanine reverses the inhibition of 
enzyme synthesis resulting from thienylalanine inhibition of phenylalanine 
utilization, as indicated in Table III. Reversal by glycylphenylalanine is 
prevented by a supplement of an adequate amount of glycylthienylalanine, 
but enzyme synthesis is restored again by supplements of phenylpyruvate at 
relatively low concentrations. This stimulation of enzyme synthesis by 
phenylpyruvate is inhibited by concentrations of thienylpyruvate which 
are relatively very small in comparison to the concentrations of thienyl- 
alanine and glycylthienylalanine. Slightly higher concentrations of 
phenylpyruvate require similarly slightly higher concentrations of thienyl- 
pyruvate to inhibit enzyme synthesis, suggesting an initial competitive 
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relationship, the inhibition index! for 70 per cent inhibition being about 
200. At concentrations of thienylpyruvate above 1 mg., an inhibition 
is obtained which is not reversed by phenylpyruvate, phenylalanine, or its 
peptide, and a similar inhibition is obtained with phenylpyruvate at about 
the same concentrations. These inhibitory effects of the keto acids prevent 
a study of the effects of broad ranges of concentrations of thienylpyruvate 
as an inhibitor of the utilization of phenylpyruvate. 

From these results, it is apparent that there are separate competitive 
sites of inhibition of utilization of phenylalanine, its peptides, and keto 
acid for adaptive enzyme synthesis by the corresponding thienyl analogues 


TABLE III 
Keto Acid Utilization and Inhibition in Malic Enzyme Synthesis 


Supplements, units* per ml. 


Phenylpyruvic acid 


pi-Phenyl- | 8-2-Thienyl- Glycyl-g-2-thi- | 2-Thieny]- 0 


2 
alanine pi-alanine |phenylalanine| enyl-p1i-alanine | pyruvic acid 


5 


|Enzyme activity, per cent controlf 


20 0 0 0 0 100 
20 5000 0 0 0 38 72 92 
20 5000 10 0 0 98 
20 5000 10 5000 0 38 81 85 
20 5000 10 5000 200 38 58 
20 5000 10 5000 500 24 35 


* 1 unit is the equivalent of 1 7 of phenylalanine or thienylalanine. 
t Per cent of carbon dioxide evolution of the control, containing 20 units of phen- 
ylalanine in the absence of inhibitors, after 1 hour of incubation with malic acid. 


and that routes of utilization of the keto acid and peptide do not involve 
the essential site for amino acid utilization inhibited by the free amino 
acid analogue. The conversions of peptide and keto acid to an activated 
form of the amino acid by separate routes not involving an essential step 
in the activation of the free amino acid afford a logical explanation of 
these data. 

However, competitive analogue inhibition of cellular penetration by 
amino acids, but not of penetration by peptides which are converted endog- 
enously to amino acid and utilized to circumvent the inhibitory effect 
of the amino acid analogue, has been postulated to be one explanation for 
greater activity of peptides than free amino acids (9, 10). 

There appears to be agreement among different investigators that exog- 
enous amino acid utilization requires certain enzymatic or enzymatic-like 
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interactions before reaching a common point in the utilization of peptides 
and keto acids. Whether the first common intermediate is free intracellular 
amino acid or an activated form (or complex) of the amino acid is one point 
of disagreement. 

Since results similar to those obtained above for malic enzyme syn- 
thesis in L. arabinosus have been obtained in studies of growth of Escherichia 
colt (6, 7), it is likely that the same mechanism is involved in both organ- 
isms. For E. coli, individual amino acids are concentrated in the cells 
from dilute concentrations in the medium by specific mechanisms re- 
quiring energy sources such as glucose (12-14). The process was found 
to be rapid and is reversible in that amino acid concentrated in the cell 
rapidly equilibrates with external amino acid and is rapidly displaced by 
certain analogues of the amino acid (12, 14). The amount of amino acid 
concentrated in the cell is the same after equilibration, whether the amino 
acid is added before or after the displacing analogue (14). Displacement 
of the amino acid concentrated in the cell does not occur to any appreciable 
extent with exogenous peptides or keto acids within the short time necessary 
for equilibration with exogenous amino acid or analogue (14). 

The proposed mechanism of liberation of free amino acids from freely 
permeable peptides to overcome the effect of inhibited penetration by free 
amino acid presumes that free amino acid is an essential intermediate. 
Since the intracellular amino acid concentrated by the specific process in- 
dicated above is in a form which can be rapidly displaced by an analogue, 
and since the free amino acid analogue which displaces this form of intra- 
cellular amino acid does not, in many instances, interfere with the utiliza- 
tion of peptides and keto acid, it follows that utilization of peptides and 
keto acid can proceed by routes not involving this form of intracellular 
amino acid. 

It has been reported that F. coli is freely permeable to amino acids at 
moderately high concentrations so that exogenous and intracellular con- 
centrations rapidly equalize (15). If an analogue exerts its effect so that 
the process of concentration of an amino acid into the cell becomes the 
rate-limiting process, it would be anticipated that the analogue would 
become completely ineffective at high exogenous concentrations of the 
amino acid if no other function of the amino acid is inhibited, or, if another 
function is inhibited, the inhibition index (ratio of analogue to amino 
acid necessary for a defined inhibition) would increase to that necessary 
for a defined inhibition of this particular enzyme system with different 
dissociation constants, concentration, etc. High concentrations of amino 
acid are in general not associated with an appreciable loss of inhibitor 
effectiveness. No direct observations have yet been ‘reported which would 
indicate whether or not free permeability of an amino acid at moderately 
high concentrations is affected by an analogue. 
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In separate experiments, cells of L. arabinosus, placed in a medium 
deficient in an amino acid other than phenylalanine and incubated under 
such conditions for 1 hour before thienylalanine and the deficient amino 
acid were simultaneously added, did not synthesize malic enzyme to any 
greater extent than cells not preincubated with phenylalanine in this 
manner. That amino acid exists within the cell of the organism was 
indicated by the fact that enzyme synthesis occurring to some extent in 
the absence of exogenous phenylalanine is suppressed by thienylalanine. 
Thus, in both these situations phenylalanine, which has been concentrated 
in the cell before the addition of thienylalanine, is rapidly counteracted by 
exogenous thienylalanine. 

In view of these various observations, the common point in the utilization 
of exogenous amino acid, keto acid, and peptide does not appear to be 
free amino acid as generally distributed within the cell. If it is assumed 
that the common point of utilization is free amino acid in a localized area of 
the cell, it would be necessary to postulate that this area would contain an 
active enzymatic-like mechanism of entry of the amino acid into the area, 
specific enzymatic sites of utilization not only of various peptides but also 
keto acid to produce free amino acid within the area, and the enzymatic 
site of utilization of the free amino acid. Since peptides and keto acid are 
capable of circumventing the inhibited site of utilization of certain amino 
acids not only in biosynthesis of proteins but also in many specific bio- 
syntheses of metabolites, either the localized area must contain several 
enzyme systems or there must be a number of such localized areas within 
the cell. Such hypothetical compartments of the cell appear to be com- 
plicated to an unlikely degree, whereas a more logical explanation of 
existing data would be the conversion of peptides and keto acid to an 
active form or complex of the amino acid by routes not involving an essen- 
tial site for utilization of the free amino acid. 


SUMMARY 


Phenylpyruvate and peptides of phenylalanine replace phenylalanine in 
stimulating the synthesis of the adaptive malic enzyme in Lactobacillus 
arabinosus 17-5. The utilization of glycylphenylalanine is inhibited by 
glycylthienylalanine but not effectively by thienylalanine, and the utili- 
zation of phenylalanine is inhibited by thienylalanine but not appreciably 
by glycylthienylalanine. Also, the utilization of phenylpyruvate is inhib- 
ited by thienylpyruvate but not effectively by thienylalanine or its glycyl 
peptide. 

These results indicate that the utilization of peptides of phenylala- 
nine and phenylpyruvate for malic enzyme synthesis does not involve an 
essential site of utilization of phenylalanine and suggest that peptide, keto 
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acid, and amino acid are converted by separate routes to an active form of 
the amino acid for enzyme synthesis. : 
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PROCARBOXY PEPTIDASE 


Il. CHROMATOGRAPHIC ISOLATION, FURTHER 
CHARACTERIZATION, AND ACTIVATION 


By PATRICIA J. KELLER, ELAINE COHEN, ann HANS NEURATH 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, September 16, 1957) 


In a previous publication (1) a procedure for the preparation of procar- 
boxypeptidase from acetone powders of beef pancreas glands was presented, 
and some of the molecular properties of the purified zymogen were de- 
scribed. The conversion of procarboxypeptidase to carboxypeptidase 
was followed by enzymatic assay, sedimentation analysis, and solubility 
measurements, and it was concluded that the reaction is catalyzed by tryp- 
sin and involves a disintegration of the zymogen into carboxypeptidase 
and trichloroacetic acid-soluble peptide fragments. 

In the present paper, an alternative procedure for the preparation of 
procarboxypeptidase, with ion exchange chromatography, is described. 
Additional data on the molecular properties of the zymogen, and on the 
mechanism of the activation reaction, are also presented in this communi- 


cation. 


EXPERIMENTAL 


Materials and Methods 


DEAE!-cellulose was prepared from Solka-Floc BW-200 or SW-40-B 
according to the procedure of Peterson and Sober (2). Titration of the 
cellulose derivative revealed 0.88 m.eq. of ionizing groups per gm. of resin. 

Acetone powders of beef pancreas glands were prepared by Eli Lilly 
and Company.?. Freshly prepared extracts of these powders were free of 
trypsin, chymotrypsin, or carboxypeptidase activity. 

The conditions of assay and a definition of units of procarboxypeptidase 
were described in the previous paper of this series (1). Protein concen- 
trations were measured spectrophotometrically by using the following 


1 Throughout the text, the following abbreviations will be used: DEAE, diethy!- 
aminoethylcellulose; TCA, trichloroacetic acid; ATEE, acetyltyrosine ethyl ester; 
CGP, carbobenzoxyglycyl-t-phenylalanine; DFP, diisopropyl] phosphofluoridate. 

? The cooperation of Dr. O. K. Behrens, Dr. C. W. Pettinga, and Mr. Harry Henry 
eo Lilly Research Laboratories in supplying these powders is gratefully acknowl- 
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906 PROCARBOXYPEPTIDASE. II 
extinction coefficients: £34, = 19 for procarboxypeptidase (1), Fi = 28 
for carboxypeptidase (3), and £34 = 14.4 for trypsin (3). 

Preparation of Procarboxypeptidase—The present procedure for the 
isolation of procarboxypeptidase entails essentially three operations: 
aqueous extraction of the protein from acetone powders of beef pancreas 
glands; a single fractionation with ammonium sulfate, and collection of 
the protein precipitated between 0.0 and 0.39 saturation; resolution of the 
proteins by column chromatography by using the anion exchange resin, 
DEAE-cellulose. 

The protocol of a typical preparation is presented in Table I. Unless 


TABLE I 
Protocol of Purification of Procarboxrypeptidase 


Chromatographic component Protein*® 
total mg. total units | unils per mg. 

H.O extract 7280 1,300 ,000 178 
(NH,)2S0, ppt. 2960 | 1,000,000 338 

1 (Fractions 7-13) 313 None 

2 ( 14-19) 199 

3 ( 91-95) 125 

4 ( as 136-157) 860 810,120 942 

5 ( 158-170) 161 151,600 942 


* Protein concentrations were estimated by using the extinction coefficient for 


procarboxy peptidase (Edgi = 19). In the previous paper on the purification of 


procarboxypeptidase, protein concentrations were estimated from the extinction 


coefficient for carboxypeptidase (Eg = 23). The previous specific activities were 
accordingly higher (by a factor of 1.2) than by the present method. 


otherwise noted, all operations were conducted at cold room temperatures 
(approximately 4°). 

Extraction—60 gm. of acetone powder of beef pancreas gland were stirred 
overnight at 5° with 1200 ml. of cold distilled water. 1 ml. of toluene was 
included during extraction to retard bacterial contamination. The sus- 
pension was centrifuged in a Spinco model L ultracentrifuge at 35,000 X g 
for 30 minutes to yield a clear extract. 

Ammonium Sulfate Fractionation—During the following fractionation 
the extract was immersed in an ice bath. The pH of the extract, which 
was usually about 6.2, was adjusted to pH 7.4 by the addition of 1 % 
NaOH. Solid ammonium sulfate (0.275 gm. per ml. of extract) was added 
to achieve 0.39 saturation. Throughout the gradual addition of ammo- 
nium sulfate, with constant stirring, 1 nN NaOH was added as needed to 
maintain a pH of about 7.4. After 60 minutes equilibration, the precipi- 
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tate was allowed to settle under gravity overnight. Most of the superna- 
tant fluid could then be decanted, and the remaining slurry was centrifuged 
(35,000 X g, 30 minutes). The supernatant fluids were discarded, and 
the protein precipitate was dissolved in 30 ml. of potassium phosphate 
buffer (0.005 m, pH 8.0) and dialyzed against two changes of 2 liters of the 
same buffer. The volume of the protein solution after dialysis was 40 ml. 
and the protein concentration approximately 74 mg. per ml. 

Column Chromatography—The anion exchange resin was equilibrated and 
packed into a column at room temperature, as follows: 30 gm. of dry 
DEAE-cellulose were suspended in 1400 ml. of 0.005 m potassium phos- 
phate buffer, pH 8.0. The suspension was stirred well and titrated to pH 
8.0 with concentrated phosphoric acid, the final pH being measured on the 
supernatant fluid of the settled suspension. After equilibration at pH 
8.0, the suspension was filtered with a Biichner funnel and coarse filter 
paper. The resin was resuspended in 0.005 m potassium phosphate buffer, 
pH 8.0, and the slurry was evacuated at the water pump to remove en- 
trained air bubbles. For convenience in pouring and packing the resin, 
the chromatography column was attached during these operations to a 
glass extension tubing of the same diameter, which allowed greater volumes 
to be accommodated during pouring of the resin. The suspension of resin 
was poured gently into the column and allowed to settle under gravity to 
constant height. Pressure from a regulated air line was applied for further 
packing, as required.? The column was then placed in the cold room, and 
cold buffer (0.005 m potassium phosphate) was allowed to flow through 
overnight. 

The protein solution (about 3 gm. in 40 ml. of buffer) was pipetted gently 
onto the resin, and the walls of the column were washed twice with 5 ml. 
of potassium phosphate buffer (0.005 m, pH 8.0). The same buffer was 
then run through the column from a dropping bottle, and fractions of 20 
ml. volume were collected at the rate of one per hour. The optical density 
of each fraction was measured at 280 mu. 

A resin column of these dimensions usually had a “holdup” volume of 
about 160 ml. which was followed by a large peak of protein (the ‘‘break- 
through”’ peak) containing those proteins with little or no anionic charac- 
ter. When the optical density of the effluent had returned to a base line 
value, gradient elution of the anionic proteins was begun. A linear gra- 
dient of 0.005 m to 0.32 m potassium phosphate at a constant pH of 8.0 
was established. The elution diagram is presented in Fig. 1. 


* The dimensions of the resin column will vary according to the particle size of the 
resin. With the present resin, prepared from Solka-Floc SW-40-B, 30 gm. settled 
under gravity to a height of about 3.5 em. X 40cm. Under pressure (60 minutes at 
5 pounds per sq. in.) a column of satisfactory characteristics (3.5 em. X 33 cm., with 
a flow rate of about 20 ml. per hour) resulted. 
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Those fractions which comprised a discrete peak were combined, lyo- 
philized, and subsequently analyzed for procarboxypeptidase. As shown 
in Table I, only Peaks 4 and 5, the most acidic of the proteins eluted from 
the column, contained procarboxypeptidase. These proteins had equal 
carboxypeptidase activity after activation by trypsin and were indistin- 
guishable from one another in the ultracentrifuge. Together they ae- 
counted for 96 per cent of the total units of procarboxypeptidase applied 
to the column. 


7000- 4 
6000- 


OPTICAL DENSITY, 280 my 


"20 40. 60 80 100. i20 140 i60 180 200 
f FRACTION NUMBER 
(20 mi. per fraction) 
Fic. 1. Chromatogram of the proteins precipitated by 0.39 saturated ammonium 
sulfate. The conditions of the experiment are given in the text. <A linear concentra- 


tion gradient was begun at the fraction designated by the arrow. 


For subsequent work, the major procarboxypeptidase peak (4) was used. 
Fig. 2 shows the sedimentation pattern of chromatographically purified 
procarboxypeptidase, and Fig. 3 presents an electrophoretic diagram of 
the purified zymogen. By both criteria, the protein prepared by this 
procedure is homogeneous. | 


Properties of Procarboxypeptidase 
Diffusion Constant—As previously reported (1), light scattering measure- 
ments on procarboxypeptidase indicated a molecular weight of 96,000. 
The sedimentation constant of the zymogen, extrapolated to zero protein 
concentration, was 5.8 8. However, no diffusion measurements were 
available to compute the molecular weight from these rate measurements. 
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Fic. 2. Sedimentation diagram of chromatographically purified procarboxy- 
peptidase in 0.04 M potassium phosphate-0.1 m lithium chloride buffer, pH 7.4. The 
pattern shown is that obtained after 100 minutes at 59,780 r.p.m., with the Spinco 
model ultracentrifuge. 


! 


Fic. 3. Electrophoretic diagram of chromatographically purified procarboxy- 
peptidase in 0.04 M potassium phosphate-0.1 m lithium chloride buffer, pH 7.4. The 
pattern shown is from the descending limb after 380 minutes of electrophoresis at a 
field strength of 2.54 volts per em. 
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The diffusion constant of chromatographically purified procarboxypepti- 
dase has since been determined and is recorded herein. Six diffusion meas- 
urements were performed, at 1°, over a concentration range of 0.2 to 1.1 
per cent protein. An apparatus made by Frank Pearson Associates, 
equipped with the Rayleigh interference optical system (4), was used. The 
buffer was 0.04 M potassium phosphate-0.1 m lithium chloride, pH 7.4. 
Free boundary diffusion was allowed to proceed for periods of time up to 
165,000 seconds. Diffusion constants were calculated by the method out- 
lined by Longsworth (5). 

Fig. 4 presents a plot of the Doo, as a function of protein concentration. 
Extrapolation of the straight line, obtained by least square calculation 
to zero protein concentration, gives a value of Do, = 6.23 4 028 x 
1077 em.” sec... From this value, and the value 5.8 S previously obtained, 


O02 03 04 O05 O06 OF O8 OF 10 
PROTEIN CONCENTRATION (percent) 
Fic. 4. Diffusion constant of procarboxypeptidase as a function of concentration, 
The conditions of the experiment are given in the text. 


the molecular weight of procarboxypeptidase was computed by the equa- 
tion 
RTs 

where .V/ is the molecular weight, 2 is the gas constant, 7’ is the absolute 
temperature, V is the partial specific volume of the protein, assumed to be 
0.75, s is the sedimentation constant, and p is the density of the solution. 
The calculated value of A/ is 94,000, which agrees favorably with the value 
96,000 previously reported (1). 

Basic Amino Acid Content The amino acid composition of crystalline 
carboxypeptidase was determined by Smith and Stockell (6), but the cor- 
responding data for procarboxypeptidase have been lacking. As a first 
approach to a comparison of the amino acid compositions of the two pro- 
teins, the basic amino acid composition of chromatographically purified 
procarboxy peptidase was determined. 

Separate aliquots (0.2 umole) of the zymogen were hydrolyzed with 5.7 
x HCl at 110° in sealed evacuated tubes for 24 and 48 hours. The nitrogen 
content of the hydrolysates was determined by Kjeldahl analyses, and the 


N 7.0 
S 
2 6.0 e 
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basic amino acid composition was determined by the method of Moore and 
Stein (7). Table II presents the number of basic residues found in 24 
and 48 hour hydrolysates of procarboxypeptidase. A comparison of the 
basic residues in procarboxypeptidase and carboxypeptidase is also included. 

Activation of Procarboxypeptidase—In a previous paper (1) we reported 
that the activation of purified procarboxypeptidase was catalyzed by tryp- 
sin and that the reaction could be summarized by the equation 


Procarboxy peptidase carboxypeptidase + fragments 
1 umole (96 mg.) trypsin 1 wmole (34 mg.) X umole (62 mg.) 


The data presented in Table II show that the zymogen, procarboxypepti- 
dase, contains a total of 68 residues potentially susceptible to tryptic hy- 


TaBLe II 
Basic Amino Acid Composition* of Procarborypeptidase and Carboxypepltidase 
Carboxypeptidaset 
24 hrs. 48 hrs 
17.7 18.2 8 


* Residues per molecule. 

t For a molecular weight of 96,000 and a nitrogen content of 15.9 per cent (1). 

t Data taken from Smith and Stockell (6) for carboxypeptidase with a molecular 
weight of 34,000. 


drolysis (36 arginine and 32 lysine residues). Of these, 28 residues (10 
arginine and 18 lysine residues) are retained in the active product, car- 
boxypeptidase. The remaining 40 basic residues can, therefore, be assigned 
to that part of the precursor which is degraded during activation to TCA- 
soluble fragments. Without knowledge of the sequential arrangement of 
these 40 basic residues, it cannot be said whether each contributes a bond 
susceptible to tryptic action. However, the maximal value for X in the 
above equation would be 41 fragments with an average molecular weight 
of about 1500. 

More recent investigations of the conversion reactions have revealed 
that trypsin is not the sole enzyme required for activation. It was found 
that all purified preparations of procarboxypeptidase, upon incubation 
with catalytic amounts of trypsin at 0°, gave rise to enzymatic activity 
toward the synthetic substrate ATEE. The catalytic effect of trypsin on 
the precursor of this endopeptidase activity is so much greater than on the 
precursor of carboxypeptidase that under these conditions the typical 
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activity of carboxypeptidase (as measured by the hydrolysis of CGP) 
does not appear. However, upon further addition of trypsin and increasing 
the temperature of the activation mixture to 37°, carboxypeptidase does 
appear, while the activity toward ATEE falls to about one-half of its 
maximal value. A typical experiment describing these relations is pre- 
sented in Fig. 5. 

Although the potential endopeptidase activity present in preparations 
of procarboxypeptidase conforms to the specificity requirements of the 
chymotrypsins and is equivalent, on a nitrogen basis, to approximately 25 
per cent pure a-chymotrypsin, it has not yet been possible to isolate from 


100 CGP 
/ 
K 80 
> 
e 
60 ATEE 
40 
20 
| 2 3 
{ TIME OF INCUBATION 
(hours) 


Fig. 5. The appearance of enzymatic activity toward ATEE (@) and toward CGP 
(A) upon incubation of procarboxypeptidase (0.1 mg. of N per ml.) with trypsin, in 
0.04 M potassium phosphate buffer, pH 7.8. Initially the trypsin concentration was 
1 X 10-‘ mg. of N per ml. at 0°. At the time indicated by the arrow, the trypsin 
concentration was raised to 1 X 10-? mg. of N per ml., and the incubation was con- 
tinued at 37°. 


procarboxypeptidase a component having the physicochemical properties 
of the known chymotrypsinogens or chymotrypsins. Thus, both with 
respect to sedimentation in the ultracentrifuge and moving boundary 
electrophoresis, purified procarboxypeptidase behaves as a single compo- 
nent having molecular parameters characteristic of a larger and more 
acidic protein than either a-chymotrypsinogen or chymotrypsinogen B 
(8). Moreover, the sedimentation behavior of procarboxypeptidase is 
the same whether the endopeptidase is present in zymogen or enzyme form. 

Inhibition studies have revealed that the ATEE-hydrolyzing activity 
inherent in procarboxypeptidase preparations is essential for the conver- 
sion of the zymogen to carboxypeptidase, and that, like typical chymotryp- 
sins, this endopeptidase is inhibited by DFP. Thus, a solution of procar- 
boxypeptidase was incubated at 0° with low concentrations of trypsin 
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until maximal activity toward ATEE had been reached. To a portion of 
the solution, DFP was added to a final concentration of 10-* m, and after 
the solution was stirred for 1 hour at 0°, excess DFP was removed by dialy- 
sis. Preparations of procarboxypeptidase so treated were completely in- 
active toward ATEE and could not be activated to carboxypeptidase 
upon incubation with trypsin at 37° under the usual conditions. However, 
after the addition of catalytic amounts of the endopeptidase (in the form 
of trypsin-treated procarboxypeptidase), the zymogen could be fully ac- 
tivated by trypsin to carboxypeptidase. 

While the ATEE-hydrolyzing activity of procarboxypeptidase thus 
seems to be essential for the appearance of carboxypeptidase activity, 
trypsin is required for events over and above those involved in the forma- 
tion of the endopeptidase. Thus, when a solution of procarboxypeptidase 
(0.2 mg. of N per ml. in 0.04 m phosphate buffer, pH 8) was incubated 
overnight at 0° with low concentrations of trypsin (2 K 10-5 mg. of N per 
ml.) to achieve maximal activity of endopeptidase, subsequent incubation 
at 37° for periods up to 4 hours produced very little carboxypeptidase 
activity. However, addition of larger amounts of trypsin (0.01 mg. of N 
per ml.) gave rise to maximal carboxypeptidase activity during a period of 
5 hours of incubation. 


DISCUSSION 


On the basis of the experimental data presented in this and the preced- 
ing communication (1), it may be concluded that chromatographically 
isolated procarboxypeptidase behaves as a pure and homogeneous protein 
with respect to ion exchange chromatography, sedimentation analysis, 
and moving boundary electrophoresis. 

The chromatographic procedure has revealed the existence of two forms 
of procarboxypeptidase with the same sedimentation constant and equal 
specific activity. The minor chromatographic component is the more 
acidic form and may conceivably differ from the major component in minor 
structural details such as the number of amide groups, as was found with 
ribonucleases A and B (9). The molecular weight of the protein, as de- 
termined by three different methods of analysis (light scattering, sedimen- 
tation equilibrium, and sedimentation and diffusion velocity) is approxi- 
mately 95,000, or about 3 times greater than the molecular weight of the 
enzyme, carboxypeptidase (10). It is significant in this respect that the 
zymogen, procarboxypeptidase, and the enzyme, carboxypeptidase, con- 
tain different proportions of the basic amino acids arginine and lysine. 
Thus, the ratio of arginine to lysine in the zymogen is 1.1, but is only 0.55 
in the enzyme, carboxypeptidase. It follows, therefore, that that portion 
of the precursor which is degraded during the conversion of procarboxy- 
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peptidase to carboxypeptidase has a different composition from carboxy- 
peptidase itself. 

Although, as previously stated, the conversion of procarboxypeptidase 
to carboxypeptidase is trypsin-catalyzed, trypsin does not seem to be the 
sole enzyme involved in this activation reaction. Evidence has been pre- 
sented to show that purified procarboxypeptidase can give rise to two dif- 
ferent proteolytic activities, z7.e. (a) the well known exopeptidase activity 
of Anson’s carboxypeptidase and (b) an endopeptidase activity directed 
toward the hydrolysis of ATEE, and thus characteristic of the members 
of the chymotrypsin family; whereas the parent zymogens are apparently 
inseparable from one another, the active enzymes and the conditions re- 
quired for their formation are quite different. Thus, the ATEE-hydrolyz- 
ing enzyme seems to have the same molecular weight as procarboxypepti- 
dase itself, whereas carboxypeptidase activity is associated with a core 
comprising only one-third the molecular weight. Similarly, whereas con- 
version of the zymogen to the endopeptidase is catalyzed by trypsin in low 
concentrations and proceeds rapidly at 0°, the formation of carboxypepti- 
dase requires incubation with relatively high concentrations of trypsin, 
at 37°, and involves, in addition, the participation of the ATEE-hydrolyz- 
ing activity. The exact relation between carboxypeptidase and the ATEE- 
hydrolyzing activity inherent in procarboxypeptidase preparations remains 
to be elucidated, but whatever their exact relationship, the two activities 
are intimately associated. The synergetic effect of the two activities 
inherent in procarboxypeptidase preparations is particularly striking, as 
both activities are primarily directed toward those residues which contain 
an aromatic ring in their side chains. The endopeptidase thus produces 
new terminal carboxyl groups of the very configuration which favors hy- 
drolysis by the exopeptidase, carboxypeptidase. 

Experiments are now in progress to clarify the roles of trypsin and of the 
ATEE-hydrolyzing activity in the molecular events associated with the 
conversion of procarboxypeptidase preparations to each of the two active 
enzymes. 


SUMMARY 


A procedure has been described for the purification of procarboxypepti- 
dase from acetone powders of beef pancreas glands, which includes aqueous 
extraction of the proteins from the acetone powders and resolution of the 
proteins precipitated between 0 and 0.4 saturated ammonium sulfate by 


4 Procarboxypeptidase isolated from bovine pancreatic juice has the same proper- 
ties as procarboxypeptidase prepared from acetone powders of beef pancreas gland, 
both with respect to physicochemical characteristics and the potential endopeptidase 
(manuscript in preparation). 
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column chromatography by using the anion exchange resin diethylamino- 
ethylcellulose. 

Based on diffusion measurements er in this paper and sedimenta- 
tion analyses previously reported, the molecular weight of the purified 
zymogen has been calculated to be 94,000, which agrees favorably with the 
value of 96,000 previously obtained from light scattering and sedimentation 
equilibrium measurements. 

The basic amino acid composition (arginine, lysine, and histidine) of 
purified procarboxypeptidase was determined and compared to the cor- 
responding data for carboxypeptidase. 

Purified procarboxypeptidase is the zymogen for both carboxypeptidase 
and for an endopeptidase which hydrolyzes acetyltyrosine ethyl ester. 
Conditions for activation of the two enzymes are quite different, but it is 
shown that the endopeptidase, as well as trypsin, is essential for the con- 
version of the zymogen to carboxypeptidase. 


We wish to acknowledge the valuable assistance of Miss Barbara J. 
Allan and Mr. Roger D. Wade in this study. The work was supported in 
part by research grant No. BCH-42 from the American Cancer Society 
and by research grant No. C-2286 from the National Institutes of Health, 
United States Public Health Service. 
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VITAMIN By AND NUCLEIC ACID BIOSYNTHESIS* 


By SHREEPAD R. WAGLE, DAVID A. VAUGHAN, 8. P. MISTRY, 
B. CONNOR JOHNSON 


(From the Department of Animal Science, University of Illinois, Urbana, Illinois) 
(Received for publication, July 8, 1957) 


While there is much evidence that folic acid is concerned with the use 
of l-carbon metabolic intermediates in purine biosynthesis (1), a role of 
vitamin By: in this pathway has not been established despite its role in 
the l-carbon metabolism of methyl synthesis (2). Postulations as to such 
a role for vitamin Biz in nucleic acid synthesis are based practically entirely 
on the fact that some vitamin B,.-requiring organisms will grow when 
given thymidine and other nucleotides in the absence of known added 
vitamin Biz (3, 4). The present investigation deals with the study of 
incorporation of 1l-carbon precursors and C"-glucose into nucleic acids 
of liver of both vitamin B,.-deficient and normal pigs, chicks, and rats (5). 


EXPERIMENTAL 


Production of Vitamin B,2 Deficiency in Animals—Vitamin Bi: deficiency 
was produced both in baby pigs and chicks as reported previously from 
this laboratory (6, 7). In the case of rats, the deficiency was produced 
by feeding the soy bean-lactose diet of Cuthbertson and Thornton (8). 
Normal baby pigs and rats received 1 y of vitamin Bi: per kilo of body 
weight per day by injection, while chicks received 50 y of vitamin Biz 
per kilo of diet. The vitamin B2-deficient and normal animals were 
injected with 40 ue. per kilo of body weight of the following: formate-C" 
(specific activity 8.9 mc. per mmole), formaldehyde-C" (specific activity 
4 me. per mmole), glycine-2-C" (specific activity 1.0 me. per mmole), ser- 
ine-3-C™ (specific activity 1.8 me. per mmole), C'H;-methionine (specific 
activity 0.42 me. per mmole), and uniformly labeled glucose (specific ac- 
tivity 1.5 me. per mmole). The animals were killed after 4 hours, and 
the livers were removed and analyzed for RNA and DNA.' In the’ 
experiments for urinary allantoin isolation, the rats were injected with 
the radioactive precursors shown in Table II, and 10 day urine collee- 
tions were made for each rat. 

* This work was supported in part by grants-in-aid from the National Vitamin 
Foundation, New York, and the United States Atomic Energy Commission under 
contract No. AT(11-1)-67. Presented at the meeting of the American Society of 
Biological Chemists, Chicago, April 15-19, 1957. 

' The following abbreviations are used: RNA, ribonucleic acid; and DNA, deoxy- 
ribonucleic acid. 
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Isolation of Nucleic Acids and Allantoin—Nucleic acids were isolated 
and separated by the method of Bendich et al. (9). They were then freed 
of glycogen by subjecting it to amylase treatment and of nucleoproteins 
by adjusting the material to pH 4.2. The DNA and RNA were then 
dissolved in water and plated to infinite thinness, and the radioactivity 
of samples was determined in a gas flow counter. The results are given 
in Table I. Allantoin was isolated by the method of Brown et al. (10). 
This crystalline allantoin was plated at infinite thinness, and the radio- 
activity was determined as above. The results are given in Table II. 


Results 


The data in Table I show that there was no difference in the radio- 
activity of RNA and DNA from vitamin B:-deficient and normal animals. 
The radioactivity of the nucleic acids from the formate- and formaldehyde- 
injected animals was higher than that from the animals given other pre- 
cursors (such as glycine, serine, and methionine); however, there was 
no difference between vitamin By:-deficient and normal animals. Simi- 
larly, when serine-3-C was injected into the normal and deficient rats, 
no difference was observed in the radioactivity of the nucleic acids (plus 
vitamin Bie, 230 c.p.m. per mg.; minus vitamin Bye, 242 c.p.m. per mg.) 
The results were similar for chicks, pigs, and rats. The observations made 
with uniformly labeled glucose-C" also showed no differences in the activity 
of the nucleic acids between normal and deficient pigs. Similarly, there 
was no difference in the labeling of the allantoin excreted by vitamin Bi- 
deficient and normal rats. 


DISCUSSION 


The results clearly indicate that there is no difference in the amount of 
incorporation of 1-carbon metabolites into nucleic acids in vitamin Bi 
deficient and normal animals. Rose and Schweigert (11) isolated both 
RNA and DNA from the livers and other tissues of rats fed vitamin Bir 
deficient and normal rations, and they found that the total DNA content 
per gm. of liver was reduced by approximately 20 per cent in the vitamin 
Bie-deficient animals as compared to control animals, while RNA was 
reduced by approximately 10 per cent. This may possibly be due to the 
differences in food intake and final body weight. 

The total radioactivity incorporated into nucleic acid compares well 
with that reported by Haydar et al. (12) using C“-formate or glycine and 
that of Barclay et al. (13). In the present studies the incorporation of the 
C™ compounds into RNA and DNA was very nearly the same, which was 
somewhat surprising in that DNA has a slower turnover rate than RNA 
(14). This is somewhat clarified in the data from the time studies of 
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Haydar and coworkers (12). According to them, maximal incorporation 
in RNA in the intact animal is reached at the end of the first 2 hours and 
then falls off rapidly. In the present studies, the animals were sacrificed 
after 4 hours; thus, the most probable explanation is that the incorporation 
of radioactivity from a 1-carbon precursor was still increasing in the case 
of DNA even at the end of 4 hours, as shown by Friedkin et al. (15), for 
thymidine-C™ incorporation, while that in RNA was decreasing owing 
to catabolism after the peak had been reached within the first 2 hours, 
the net result being similar labeling of RNA and DNA. Similarly, Barclay 


TABLE I 
Effect of Vitamin B,: on Nucleic Acid Synthesis 


Activity in isolated nucleic acids, c.p.m. per mg. 


Precursor administered Complete diet Vitamin Bi2-free diet 
RNA DNA RNA DNA 
Chicks 
Formaldehyde-C™. ............ 590 482 470 505 
Glycine-2-C™. ................ 460 328 388 305 
Methionine-C'H3;.............. 440 360 409 320 
Pigs 
Pormate-C™ . 360 316 318 356 
255 260 230 235 


etal. (13) observed no difference in activity in the isolated adenine, guanine, 
and thymine from DNA and adenine and guanine from RNA. 

Rege and Sreenivasan (16) and Downing and Schweigert (4), working 
with vitamin B,:-requiring organisms, have shown that both folic acid 
and vitamin Biz are concerned in some way with the control of nucleic 
acid synthesis. On the other hand, Bergmann et al. (17) demonstrated 
that vitamin By has no effect on the utilization of the formyl compound 
(4-formamidoimidazole-5-carboxamide) for purine biosynthesis by Fs- 
cherichia coli. Downing and Schweigert (4), using Lactobacillus leichman- 
nu, have shown that vitamin Bz is involved in the biosynthesis of deoxy- 
ribose. On the other hand, our studies with C'-glucose indicate that 
vitamin Biz is not directly involved either in the conversion of glucose 
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to ribose or deoxyribose or in the incorporation of these pentoses into 
nucleic acid in animals. These data may possibly all be explainable by the 
role of vitamin Biz in protein (hence in enzyme) biosynthesis (18, 19). 

The results in Table II show that vitamin Biz has no direct role in the 
biosynthesis of the purine ring in the rat. The present work would appear 
also to rule out any role of vitamin By in the formation of the functional 
form of folic acid that is required for incorporation of a 1l-carbon unit 
into purines. 

The results obtained when C'-methylmethionine was injected afford 
additional evidence against the role of vitamin By: in the transmethylation 
(20). If vitamin Bie were involved in transmethylation, it would seem 
reasonable to suppose that the oxidation of methyl groups would be en- 


TABLE II 


Ability of Rats on Vitamin B,2-Free and Complete Diets to Incorporate 
Various Precursors into Allantoin (Rats*) 


Specific activity of allantoin, c.p.m. per mg. 
Dose, day (for 7 
ys 


Precursor administered 


Complete diet Vitamin Bi2-free diet 
x 10° 
Glycine-2-C™............... 1.45 773 789 
Methionine-C'4H;......... 1.65 472 576 
Formate-C™................ 2.0 4777 5473 
1.87 2313 2130 


* Three rats in each group. 


hanced in the absence of vitamin By, giving rise to an increased specific 
activity in allantoin. 


SUMMARY 


The role of vitamin By in nucleic acid biosynthesis has been studied 
by the use of various labeled nucleic acid precursors. The results obtained 
show that vitamin By: is not directly involved in the synthesis of purines 
and pyrimidines from 1-carbon precursors such as formaldehyde, formate, 
glycine, serine, and methionine. Studies with C'*-glucose also indicate 
that it is involved neither in the conversion of glucose to ribose or deoxy- 
ribose nor in the incorporation of these pentoses into nucleic acids. 
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METABOLISM OF t-ASCORBIC ACID-1-C*% IN MAN 


By LEON HELLMAN anp J. J. BURNS 


(From the Division of Biophysics, Sloan-Kettering Institute for Cancer Research, 
Memorial Center, Research Service, Third (New York University) Medical 
Division, Goldwater Memorial Hospital, New York, New York, and the 
Laboratory of Chemical Pharmacology, National Heart Institute, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, September 19, 1957) 


L-Ascorbic acid labeled with C™ has been utilized in studying the me- 
tabolism of this vitamin in rats (1, 2) and guinea pigs (3, 4). In both 
species there is considerable conversion of carboxyl-labeled L-ascorbic acid 
to CO, and significant urinary excretion of labeled oxalate. The impor- 
tant nutritional role of L-ascorbic acid made it desirable to study the 
metabolism of the labeled vitamin in man with special attention to its rate 
of disappearance from the body, relative importance of its various routes of 
excretion, and nature of its metabolic products. The results obtained in 
this investigation, when compared to those reported in similar studies in 
guinea pigs, indicate sharp differences in L-ascorbic acid metabolism in 
the two species.! 


EXPERIMENTAL 


L-Ascorbic acid-1-C™, having a specific activity of 1.0 uc. per mg., was 
synthesized by a previously published procedure (6). 

The labeled L-ascorbic acid was administered intravenously to three 
patients in the James Ewing Hospital, Memorial Center. In Table I is 
presented information on the physical status of the patients,? the dose of 
labeled compound, and the amounts of L-ascorbic acid in their plasma and 
urine as determined by the method of Roe and Kuether (7). 

At various intervals after injection of the labeled L-ascorbic acid, samples 
of respiratory CO. were collected by having the subjects breathe for 1 
minute into a solution of CO.-free 0.5 N NaOH (8). These samples were 
kept protected from atmospheric CO, at all times. For isolation of CO2, 
excess BaCl. was added after each sample was warmed to about 70°. 
The BaCO; formed was centrifuged and then washed with water and 
methanol. <A slurry of BaCO; in methanol was applied to a weighed 


1A preliminary publication of this work has been presented (5). 

* The patients were free from acute symptoms of their disease and were normal 
in respect to liver and kidney function. Throughout the course of the experiments 
they received the usual hospital diet. 
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planchet which was reweighed after evaporation of the methanol and stored 
in a desiccator until counted. 

Urine samples were refrigerated, the volume was recorded, and 0.2 ml. 
taken for counting. To obtain a suitable thickness of material for counting, 
0.2 ml. of a 5 per cent dextrose solution was added to the planchets con- 
taining the urine samples. Urine samples were collected in bottles con- 
taining 25 ml. of 5 Nn HCl or 300 ml. of 10 per cent oxalic acid. Stool 
samples were homogenized and an aliquot was placed on a weighed planchet. 
All samples were applied to the planchet together with lens paper to aid 
in achieving an equal distribution of radioactive material; they were dried 
and stored in a desiccator. Radioactivity was measured in a windowless 


TABLE I 
Clinical Data and L-Ascorbic Acid Levels 
Level of L-ascorbic 
t-Ascorbic acidt 
Subject Age | Sex | Weight Diagnosis acid-1-C'4 
administered* 

Urine Plasma 
yrs. ke. be. 

AA-l..... .| 43 |M.| 65.0 | Multiple lipomatosis 23.9 14.0 0.35 
AA-@. .... 59.1 sclerosis 33.8 11.0 0.54 

AAS... <i. .| 70) F. 75.4 Recurrent breast can- 37.2 20.0 1.0 

cer with metastases 


* The labeled compound was dissolved in 50 ml. of saline and the resulting solu- 
tion was administered intravenously over a period of 5 minutes. 
t Values determined on the day before administration of labeled compound. 


gas flow counter. The methods used to determine the amount of C™ 
in urine present as L-ascorbic acid, dehydro-.-ascorbic acid, 2 ,3-diketo-t- 
gulonic acid, and oxalic acid were identical to those described previously 
(3, 4). 


Results 


The cumulative excretion of C™ in urine and feces of the three subjects 
is presented in Table II. During a 10 day period an average of 42 per cent 
of the administered dose was found in urine and about 1.0 per cent in the 
feces. No C' was detected, however, in the respiratory CO»; 7.e., less than 
5.0 per cent of dose during a 10 day period. 

The half life of L-ascorbie acid was estimated by plotting the per cent 
of the administered dose which remained in the body each day as a logarith- 
mic function against time (Fig. 1). Since only a small fraction of the 
injected C' was found in CO, and feces, the amount remaining in the body 
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was calculated by subtracting the activity excreted in urine from the 
administered dose. The value for the half life ranged from 13 to 20 days, 
with an average of 16 days. 


TABLE II 


Cumulative Excretion of Radioactivity in Urine and Feces by Subjects Receiving 
L-Ascorbic Acid-1-C'* 


Subject AA-1 Subject AA-2 Subject AA-3 
Time 
Urine Feces Urine Feces Urine Feces 

days per cent per cent per cent per cent per cent per cent 
0.25 10.4 10.2 4.78 

0.50 12.3 11.6 6.46 

1.0 14.6 14.0 0.102 8.97 

2.0 18.1 0.083 18.3 12.3 

3.0 20.4 0.107 21.1 0.368 15.4 

4.0 23.7 0.151 25.4 18.2 

5.0 26.3 0.217 29.5 20.5 

6.0 30.3 0.282 32.1 0.632 25.1 

7.0 34.6 0.357 35.9 27.9 

8.0 38.3 38.1 0.800 30.4 

9.0 42.0 0.417 41.4 32.6 
10.0 45.9 0.489 44.7 1.07 36.3 

11.0 48.0 0.570 38.5 
12.0 52.0 42.0 
13.0 54.9 43.5 be 
14.0 57.1 0.651 45.5 - 
15.0 59.7 0.704 46.9 

16.0 47.7 

17.0 49.1 

18.0 50.4 

19.0 51.4 
20.0 52.6 
21.0 53.8 
22.0 54.8 

23.0 57.7 

24.0 58.8 
25.0 59.4 

26.0 60.1 

27.0 60.7 


* Values for amounts of C™ expressed as per cent of dose. 


The fraction of total C™ excreted in urine as L-ascorbic acid, diketo-.L- 
gulonic acid, and oxalic acid is given in Table III. About 20 per cent of 
total urinary C™ was present as L-ascorbic acid, about the same amount 
as diketo-L-gulonic acid and less than 2 per cent as dehydro-L-ascorbic 
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acid. An average of 44 per cent of the total radiocarbon excreted in urine 
was recovered as oxalate. 

The body pool of L-ascorbic acid was estimated from the excretion of C¥ 
during the 3rd day after the administration of labeled L-ascorbic acid 
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DAYS 
Fic. 1. Per cent of dose remaining in body plotted against time (days). Per cent 
of dose remaining in body calculated by subtracting amount of C™ excreted in urine 
by each subject during various time intervals from dose of C™ administered. 


TABLE III 


Excretion of t-Ascorbic Acid and Its Metabolites in Urine after Administration 
of L-Ascorbic Acid-1-C™% to Human Subjects 


Per cent total urinary C™ found as 
Subject Day after dose 
L-Ascorbic acid | Piketotegulonic acid 
AA-1 2 35 
¥v 3 12 12 
AA-2 2 16 16 58 
= 3 12 18 55 
- 7 15 16 63 
AA-3 3 23 16 47 
os 4 23 15 24 
i 5 24 12 29 


(Table IV). The specific activity of urinary L-ascorbic acid was obtained 
by dividing the amount of C™ present as L-ascorbic acid in urine by the 
amount of L-ascorbic acid as determined chemically (7). This value for 
the specific activity expressed as per cent of dose per mg. when divided 
into per cent of dose remaining in the body at the end of the 3rd day 
gave an average body pool of L-ascorbic acid of 22 mg. per kilo. 

Since no comparable data were available on the body pool of L-ascorbic 
acid in guinea pigs, it was estimated as follows: Four guinea pigs each 
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received 1.0 mg. of L-ascorbic acid-1-C™ by intraperitoneal injection and 
the C'* in respiratory CO, and urine was determined over a 24 hour period 
(Table V).2 The animals were then killed and the specific activity of 


TABLE IV 
Body Pool of t-Ascorbic Acid in Human Subjects* 
Urinary Per cent dose in Specific activity Per cent of dose 
Subject excretion of urinary L-ascorbic urinary in body at end Body pool 
L-ascorbic acidt acidt L-ascorbic acid of 3rd day 


mg. per 24 hrs. per — mg. per kg. 
AA-1..... 12 0.56 0.047 8O 26 
AA-2..... 13 0.83 0.064 79 21 
AA-3..... 20 1.2 0.060 85 19 


* Value for body pool calculated from excretion data obtained on 3rd day after 
administration of labeled L-ascorbic acid. The weights of patients are given in 
Table I. 

t These values include total for Lt-ascorbic acid, dehydro-.-ascorbic acid, and 
diketo-L-gulonic acid as determined by Roe and Kuether (7). 

t This value includes C™ present in L-ascorbic acid and diketo-L-gulonic acid. 


TABLE V 
Body Pool of t-Ascorbic Acid in Guinea Pigs* 


Per cent dose at end of 24 hrs. in : : 
Experiment |Weight of guinea Specific activity of mee 
pig 


No. L-ascorbic acid poo 
Urine Animalt 
gm. ber mg. per kg. 
1 308 15.6 7.9 76.5 4.22 59 
2 278 22.4 7.2 70.4 6.62 39 
3 300 15.6 8.7 75.7 3.65 68 
4 290 32.2 5.0 62.8 4.57 47 


* Guinea pigs used in this experiment were maintained on a vitamin C-free diet 
supplemented daily with 6 mg. oral doses of L-ascorbic acid for at least 1 week be- 
fore the experiment. 

t Per cent of dose remaining in animal calculated by subtracting fraction of dose 
in respiratory CO, and urine from total administered. 


L-ascorbic acid was determined on a pooled sample of liver, kidneys, testes, 
adrenals, and spleen from each animal. The body pool was estimated by 
dividing the specific activity, expressed as per cent of dose per mg. of 


>The methods used in these experiments for collection of urine and respiratory 
CO, and determination of specific activity of tissue of L-ascorbic acid were the same 
as those used previously (9). 
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L-ascorbic acid, into the per cent of dose remaining in the animal. This 
calculation is based on the previous finding that essentially all the C™ in 
the guinea pig 24 hours after administration of L-ascorbie acid-1-C" is 
present as L-ascorbic acid (10). An average body pool of L-ascorbic acid 
in the guinea pig of 54 mg. per kilo was obtained. 


DISCUSSION 


The results of this study show that the half life of L-ascorbic acid averages 
16 days in the three human subjects studied. In contrast, the half life 
of L-ascorbic acid in guinea pigs averages only 4 days (4). This difference 
is presumably the reason why man requires a much longer period of time 
on a vitamin C-free diet to develop scurvy than the guinea pig. For in- 


TaBLeE VI 
Body Pool and Turnover Rates of t-Ascorbic Acid in Man, Guinea Pig, and Rat 
Species Half life Body pool Turnover time Turnover rate 
days mg. per kg. days mg. per kg. per day 

Man, subject AA-1. 13 26 19 1.4 

AA-2. 15 21 22 1.0 

AA-3. 20 19 29 0.66 
Guinea pig........ 4.0* 54 5.8 9.3 
¢ 2.9 107 4.1 26 


* Previously published data for half life in guinea pigs (4). 
+t Previously published values for rats (1). 


stance, guinea pigs on such a diet develop scurvy within about 21 days 
although man requires 3 to 4 months to show symptoms of the disease. 
The values obtained in this study for the half life and body pool of 
L-ascorbic acid make it possible to estimate the turnover rate of L-ascorbic 
acid in man (Table VI). For comparison, average data are also given for 
the body pool and turnover rate of L-ascorbic acid in the guinea pig and 
rat. In man, about 1.0 mg. per kilo per day is required to maintain a body 
pool of 20 mg. per kilo, in the guinea pig an average of 9.3 mg. per kilo 
per day are required to maintain a body pool of 54 mg. per kilo, and in the 
rat, a species which synthesizes L-ascorbic acid, 26 mg. per kilo per day 
are needed to maintain a body pool of 107 mg. per kilo. The results of this 
study indicate that a smaller dose of L-ascorbic acid, when compared on 
an equivalent weight basis, is required to maintain the body pool of the 
vitamin in man than in the guinea pig. This probably explains why the 
daily requirements of the vitamin are less for man than for the guinea pig. 
For instance, about 10 mg. per kilo of L-ascorbic acid are needed daily in 
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the diet of guinea pigs to prevent signs of vitamin C deficiency compared 
to only about 1 mg. per kilo or less for man (11). 

The major pathway of metabolism of L-ascorbic acid in guinea pigs 
involves oxidation of its carboxyl carbon to CO.. For instance, during a 
10 day period after administration of L-ascorbic acid-1-C™ to guinea pigs, 
about 70 per cent of the dose is found in CO: and about 20 per cent in 
urine (3). Additional studies in which uniformly labeled L-ascorbic acid 
was employed show that decarboxylation is presumably the first step in 
the complete oxidation of carbon chain to CO, (4). In man, on the other 
hand, there is practically no oxidation of the carboxyl carbon of L-ascorbic 
acid to CO, (<5.0 per cent of dose during a 10 day period). The inabil- 
ity of man to decarboxylate L-ascorbic acid may account for the slow 
rate of metabolism of the vitamin in this species. 

The principal route of excretion of C' administered as L-ascorbic acid-1- 
C* to man isin urine. About one-fourth of the total urinary C" is present 
as L-ascorbic acid and a somewhat lesser amount as diketo-L-gulonic acid. 
Most of the remaining C"™ is excreted as oxalate. The mechanism by which 
urinary oxalate is formed from L-ascorbic acid is not known. Conversion 
of L-ascorbic acid to oxalic acid can be demonstrated readily (12, 13). 
Control experiments carried out with labeled L-ascorbie acid, dehydro-.- 
ascorbic acid, and diketo-L-gulonic acid under the same conditions employed 
in these experiments rule out any significant decomposition of these sub- 
stances to oxalic acid during the isolation procedure (2, 3). Of course, 
the possibility that oxalate may be formed on excretion from an unknown, 
labile metabolic product of L-ascorbic acid has not been ruled out. Con- 
version of L-ascorbic acid to oxalate may account for the major part of the 
endogenous urinary oxalate excreted by man, which averages about 35 
mg. per day (14). The amount of oxalic acid which can be formed in 
man from L-ascorbic acid appears, however, to be limited, since the ad- 
ministration of L-ascorbic acid in doses of 4 gm. per day to human subjects 
resulted in no significant increase in excretion of oxalate (15). In fact, 
doses of 9 gm. per day of the vitamin produced an increase of only about 
60 mg. per day of oxalate over the control values (15). 


SUMMARY 


Studies of the metabolism of carboxyl-labeled L-ascorbic acid in human 
subjects showed that essentially all the administered C' was excreted in 
urine chiefly as L-ascorbic acid, diketo-L-gulonic acid, and oxalic acid, and 
that no C“ was detected in respiratory CO2. The half life of t-ascorbic 
acid in man averaged 16 days, the body pool averaged 20 mg. per kilo, and 
the turnover rate averaged 1.0 mg. per kilo per day. Marked differences 
in the metabolism of L-ascorbic acid in man as compared to the guinea 
pig and the rat are discussed. 
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A NEW COFACTOR REQUIRED FOR THE ENZYMATIC 
CONVERSION OF PHENYLALANINE TO TYROSINE* 


By SEYMOUR KAUFMAN 


(From the Laboratory of Cellular Pharmacology, National Institute of Mental Health, 
United States Department of Health, Education, and Welfare, United States 
Public Health Service, National Institutes of Health, 

Bethesda, Maryland) 


(Received for publication, September 23, 1957) 


The enzymatic conversion of phenylalanine to tyrosine, which is de- 
scribed by Equation 1, is a complex reaction requiring at least two enzymes, 
TPNH! and oxygen (3). 


(1) TPNH + H* + O, + phenylalanine — TPN* + H,O + tyrosine 


The partial purification of these two enzymes,” one extracted from rat 
liver and the other from sheep liver, has recently been described (3). 

In the course of further purification of the enzyme from rat liver, it was 
discovered that another cofactor, in addition to TPNH, was involved in 
Equation 1. The results of preliminary studies suggest an enzyme-cata- 
lyzed interaction between TPNH and the cofactor. 

The identity of the new cofactor has not yet been established, but it 
appears to be different from any of the known vitamins and coenzymes; 
none of those tested can replace the cofactor in the enzyme system under 
consideration. 

The cofactor has been purified approximately 1000-fold from rat liver, 
and this communication is primarily concerned with the purification pro- 
cedure and some of the properties of the new cofactor. 


EXPERIMENTAL 


Assay of Cofactor—The first indication that an unsuspected cofactor 
might be involved in this reaction came from attempts to purify the rat 
enzyme beyond that point which has already been described (3). It was 
found that a variety of fractionation procedures led to a very poor recovery 
of the enzyme units. Almost all of the “lost” activity of these fractions 


* Paper II of a series on biological hydroxylation reactions. Preliminary reports 
on some of this material have been presented (1, 2). 

'The following abbreviations are used: TPN* and TPNH, triphosphopyridine 
nucleotide and reduced triphosphopyridine nucleotide; DPNH, reduced diphospho- 
pyridine nucleotide; CoA, coenzyme A. 

* Another enzyme system which catalyzes the conversion of phenylalanine to 
tyrosine, but which requires DPNH instead of TPNH, has been described (4). 
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could be restored by the addition of a boiled extract prepared from rat 
liver. Rat liver enzyme fractions which showed a good dependence upon 
added cofactor were conveniently prepared by adsorption of the enzyme 
on calcium phosphate gel and elution with 0.1 N potassium phosphate 
buffer, pH 7.4. For the assay of the factor, therefore, rat liver enzyme 
which had been carried through this step was used. The conditions were 
the same as those of the standard assay (3), except that the time of incuba- 
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TYROSINE FORMED 


O 04 O08 J2 .20 .24 .28 .32 40 
ML. OF FACTOR 
Fic. 1. Stimulation of tyrosine formation by the cofactor. The assay conditions 
used were those described in the text. The cofactor preparation used was the con- 
centrated aqueous fluid after precipitation with ethanol and ether. 


tion was increased to 60 minutes. An excess of the sheep liver enzyme 
was used, together with an amount of rat enzyme which could lead to the 
formation of approximately 0.3 umole of tyrosine in the presence of saturat- 
ing amounts of the cofactor. The relative instability of the rat enzyme 
necessitated a weekly redetermination of the amount of this enzyme to be 
used in the assay. The stimulation of the rate of tyrosine formation by 
various concentrations of factor® is shown in Fig. 1. Aliquots of the frae- 
tions to be tested for factor activity were chosen so that the measurements 
were confined to the linear portion of the curve. Zero time controls, where 
trichloroacetic acid was added before any enzymes, were also included, 
since it was found that the crude liver fractions contained materials which 


3 If rat enzyme which has not been carried through the calcium phosphate gel 
step is used, a maximal stimulation of 2- to 3-fold can be obtained on the addition 
of the cofactor. 
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contribute to the final color in the tyrosine assay. A unit of factor activity 
is defined as the amount which leads to the formation of an additional 1.0 
umole of tyrosine under the conditions of the standard assay. 

To rule out the possibility that the observed stimulation of tyrosine 
formation was an artifact restricted to this particular chemical determina- 
tion of tyrosine, the stimulation was also measured (in one experiment) 
by following, with the aid of paper chromatography, the conversion of 
phenylalanine-C" to tyrosine-C", as previously described (3). The results 
(Table I) indicate that the activity of the cofactor is the same when meas- 
ured by these two different procedures. 


Tas_e I 


Stimulation of Tyrosine Formation by Factor As Determined by Two 
Different Methods 

The system contained the following components (in micromoles): potassium 
phosphate buffer, pH 6.8, 100; TPNH, 1.0; phenylalanine-C™, 1.5; rat enzyme, 2.2 
mg. of protein; sheep enzyme, 4.3 mg. of protein. The cofactor, added as indicated, 
was 0.4 ml. of the crude boiled rat liver extract. The final volume was made up 
with water to 1.25 ml. and incubated for 60 minutes at 25°. For the radioactive 
determination, the tyrosine and phenylalanine were separated by paper chromatog- 
raphy as previously described (3). 


Method of tyrosine determination 
Colorimetric Radioactive 
pmole umole 
Tyrosine formed in absence of factor........ 0.040 0.045 
“presence of factor....... 0.14 0.13 


The purification of the factor was followed by determining organic matter 
by the dichromate oxidation procedure as described by Johnson (5). This 
value agreed well with a dry weight determination on the crude boiled liver 
extract before the introduction of any inorganic salts. In some of the 
purification steps, the optical density at 250 my was also followed. 

Purification of Factor—A brief survey of various tissues indicated that 
this factor was apparently not widely distributed. Extracts‘ prepared 
from the following tissues were found to be inactive: beef spleen, heart, 
brain, thyroid, kidney, pancreas, rabbit muscle, bakers’ yeast, brewers’ 
yeast, Escherichia coli (strain 4157), rice bran, wheat bran, and cabbage. 
Extracts from beef adrenal glands showed some activity. On the other 
hand, all liver extracts so far tested (rat, sheep, rabbit, beef) were active, 


‘In each case the boiled extract was prepared in the same manner as will be de- 
scribed in detail for the rat liver preparation. 
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but none of them was as active as the rat liver extract which contains 0.2 
to 0.4 units per ml. of boiled extract. 

It was therefore decided to purify the factor from boiled extracts of rat 
liver. All of the steps were carried out at 24° unless specified otherwise, 
All additions were made with mechanical stirring. Water distilled from 
glass was used throughout the procedure. 

The livers were removed and homogenized in a Waring blendor with 1.5 
volumes of water, and the homogenate was slowly added to another 1.5 
volumes of boiling water. After the addition was complete, the mixture 
was boiled for another minute and cooled as quickly as possible. The 
cooled homogenate was centrifuged for 15 minutes at 18,000 X g, and the 
residue was discarded. The opalescent, yellow supernatant fluid was 
adjusted to pH 1.6 to 1.7 with 1 N H.SO, and stirred for 20 minutes. The 
precipitate was centrifuged at 3000 X g for 20 minutes and the supernatant 
fluid brought to pH 6.15 with 2 Nn KOH added dropwise. 3 volumes of 
absolute ethanol and 7 volumes of ether were added slowly with stirring 
for 20 minutes. The mixture was centrifuged at 3000 X g for 15 minutes, 
and the residue was discarded. The supernatant fluid was concentrated 
almost to dryness under reduced pressure. The resulting concentrate was 
taken up in enough water so that the volume at this stage was one-tenth 
that of the initial extract. This fraction, as well as the boiled extract, is 
stable for months when stored at —20°. 

12 ml. of this fraction were adjusted to pH 6.5 to 7.0 with 1 Nn KOH and 
put on a 2.4 X 4.2cm. column of Dowex 1 (CI) (10 per cent cross-linked, 
100 to 200 mesh) at room temperature. The effluent fluid was saved, and 
the column was washed with 50 ml. of water. The washings and the 
effluent were combined and adjusted to pH 3.0 with 2 m acetic acid. The 
acidified solution was cooled to 4° and applied to a 2.4 & 7.0 cm. column 
of Dowex 50-X2 in the sodium form (200 to 400 mesh) in the cold. After 
all of the solution had been added, the column was eluted with 0.05 m 
potassium phosphate buffer, pH 6.2. 10 ml. fractions of the eluate were 
collected. Usually, the activity begins to come off after 70 ml. of the elut- 
ing fluid have been added to the column. The above fractions were com- 
bined and stored at 4°. The over-all procedure usually leads to an 800 to 
1000-fold purification with a 20 to 30 per cent yield of units of activity. 

Properties of Cofactor—The factor is completely destroyed by ashing and 
is exceedingly labile to alkali. The activity is completely lost when it is 
treated at 50° for 10 minutes in 0.1 N KOH. The loss on alkali treatment 
is not reversed by a subsequent incubation with glutathione or ascorbic 
acid, nor is it prevented by carrying out the incubation in an evacuated 
Thunberg tube. On the other hand, the factor is relatively stable to acid, 
surviving 10 minutes at 50° in0.2 n HCl. However, at 100°, the same con- 
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ditions lead to essentially complete loss of activity. Although the crude 
boiled liver extract, as well as the ethanol-ether supernatant fluid, can be 
stored for months at —20°, the Dowex 50 eluates lose activity very rapidly 
under these conditions. They are somewhat more stable at 4°. 

The cofactor is extractable with butanol although the partition coefficient 
is unfavorable. In contrast to butanol, no detectable activity can be 
extracted into ethyl acetate or ether from neutral or acid solutions. 

Compounds Tested for Cofactor Activity—The following compounds have 
been tested and found to be inactive (the final concentration in the assay 
tube is given in micromoles or, when specified, in micrograms) ascorbic 
acid (0.5 to 2.5), glutathione (1.0), thiamine (0.5), vitamin By (100 y), 
cysteine (2.0), epinephrine (0.1), pyridoxal phosphate (0.5), FeCl, (0.2), 
3,4-dihydroxyphenylalanine (0.1), riboflavin monophosphate (0.2), thia- 
mine monophosphate (0.5), folic acid (100 y), acetylcholine (0.1), choline 
(0.1), lipoic acid (1.0), CoA (0.3), N-methylnicotinamide (1.0), diphospho- 
pyridine nucleotide (0.06), thyroxine (0.1), triiodothyronine (0.1), DPNH 
(0.8), biotin (0.5), methylthioadenosine (0.1), adenosine 2-phosphate (0.1), 
adenosine 3-phosphate (0.1), adenosine 5-phosphate (0.1), adenosine (0.1), 
inosine (0.1), uridine (0.1), and cytidine (0.1). In addition to these com- 
pounds tested singly, ascorbic acid and FeCl, (6) and ascorbic acid and 
vitamin B,»2 (7) were tested together and found to be inactive. 


Enzymatic Studies 

Dependencies in Presence of Factor—It was found that the dependencies 
already described (3) for the conversion of phenylalanine to tyrosine were 
unchanged by the presence of the factor. Both enzymes, TPNH, phenyl- 
alanine, and oxygen were still required, and the stimulation was the same 
whether TPNH was added in stoichiometric amounts or generated from 
catalytic amounts of TPN+ in the presence of glucose and an excess of 
glucose dehydrogenase. 

Lag Period: Studies with Unresolved Enzymes—aAs previously described 
(3), the conversion of phenylalanine to tyrosine can be followed by measur- 
ing the phenylalanine-dependent disappearance of TPNH spectrophoto- 
metrically. It was found that there was a lag of several minutes before 
the rate of TPNH oxidation in the presence of phenylalanine exceeded that 
of the control. Because it was felt that the lag period might provide a 
clue to the primary reaction in the sequence which leads to tyrosine forma- 
tion, this phenomenon was studied in some detail. In particular, condi- 
tions were sought which might shorten or eliminate the lag period. 

In Table II, the results of experiments carried out with unresolved en- 
zyme fractions are summarized. It has already been reported (3) that the 
lag period could be shortened by a preliminary incubation of both enzymes 
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aerobically with TPNH. For comparison, the results of a separate ex- 
periment performed under these conditions are included in Table II (Ex- 


TABLE II 
Effect of Preliminary Incubation under Various Conditions on Lag Period 


The reactions were carried out in 1.0 cm. Beckman cuvettes containing the 
following components (in micromoles): potassium phosphate buffer, pH 6.8, 100; 
L-phenylalanine, 2.0; TPNH, 0.13; rat enzyme, 2.4 mg. of protein; sheep enzyme, 
1.5 mg. of protein. Final volume,1.0ml. Incubations carried out at room tempera- 
ture. As an example of the manner in which all the anaerobic preincubation ex- 
periments were carried out, the details of the procedure used in Experiment 2 will 
be outlined. Two Thunberg tubes, each containing sheep enzyme in the side bulb 
and TPNH and the buffer in the main compartment, were evacuated for 2 minutes 
with a mechanical pump. The tubes were closed, and the contents of the side bulbs 
were tipped in. After a 15 minute incubation at room temperature, the tubes 
were opened and the contents were immediately pipetted into two Beckman cu- 
vettes containing rat enzyme and rat enzyme plus phenylalanine, respectively, 
and the rate measurements were begun. The reported values in each case have 
been corrected for any TPNH oxidation which occurred in the absence of phen- 
ylalanine (Cuvette 1). 


F Ratio, Rate (4 optical density X 1000) per min. 
| Conditions of incubation initial rate* 
final rate 9 to 3 min.|3 to 6 min. (6 to 9 min. 9 to 20min. 
1 No preincubation 0.2 0.33 4.33 5.00 13.5 
Preincubation with sheep 
enzyme 
2 Anaerobic, with TPNH 0.5 5.69 8.00 9.32 13.4 
3 2g without TPNH 0.2 0.20 4.70 5.50 13.2 
4 Aerobic, with TPNH 0.2 0.40 5.25 6.13 13.5 
5 Anaerobic, with TPNH 0.25 1.33 5.32 7.32 13.6 
followed by exposure to 
air 
Preincubation with rat 
enzyme 
6 Anaerobic, with TPNH 0.2 0.5 4.10 5.23 13.2 
7 Aerobic, with TPNH 0.2 0.10 4.43 6.00 12.9 
Preincubation with both 
enzymes 
8 Aerobically with TPNH 0.6 6.83 9.07 | 10.25 13.6 


* First 6 minutes. 


periment 8). Subsequently, it was discovered that oxygen is not required 
during this preincubation. Moreover, if the preincubation is carried out 
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under anaerobic conditions, the rat enzyme is no longer needed (Experi- 
ment 2) and this (it may be emphasized again) differs from the require- 
ments for aerobic preincubation. Anaerobically, TPNH is still required 
(Experiment 3). If the anaerobic preincubation is followed by a brief 
exposure to air, the lag period is fully restored (Experiment 5). These re- 
sults suggest the possibility that TPNH interacts with the sheep enzyme 
or a cofactor bound to that enzyme. That this interaction may represent 
a reduction of the cofactor by TPNH is made probable by the results of 
Experiment 5, Table II, where it was found that the reaction which takes 


— 


without factor 5 


* 640F 
™ = 

o .560F 

2468:10 4 18 22 26 30 34 
MINUTES 


Fic. 2. Stimulation of the phenylalanine-dependent oxidation of TPNH by the 
cofactor. The system contained the following components (in micromoles): potas- 
sium phosphate buffer, pH 6.8, 100; L-phenylalanine, 2.0; TPNH, 0.13; rat enzyme, 
1.2 mg. of protein; sheep enzyme, 0.4 mg. of protein. The cofactor, added as indi- 
cated, was 0.1 ml. of an eluate from a Dowex 50 column in the sodium form. Silica 
cells; light path, 1.0em. The final volume was made up to 1.0 ml. with water. In 
each case, a control in which phenylalanine was omitted was included, and the re- 
ported values have been corrected for any oxidation of TPNH which occurred in the 
absence of phenylalanine. 


place during the anaerobic preincubation of TPNH with the sheep enzyme | 
can be ‘“‘reversed”’ by a short exposure to air.® 

Lag Period: Experiments with Resolved Enzymes—Direct evidence in 
support of the idea that a cofactor is indeed involved in the reaction (re- 


* A consideration of the maximal amounts of cofactor which could be present in 
the system suggests a rapid turnover of this component in the catalytic cycle which 
leads to tyrosine formation. The duration of the lag period is far greater than the 
probable turnover time of the cofactor. One possible interpretation of the data 
concerning the lag period is that, during the preincubation with TPNH and the 
sheep enzyme, the cofactor is slowly converted from a catalytically inactive form 
to an active form, which then participates in the reaction involving TPNH, phenylal- 
anine, and oxygen. Other interpretations of these data, assuming the involve- 
ment of inhibitors, are also possible. 
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actions) which leads to a shortening of the lag period has been obtained 
from experiments which employ the isolated cofactor and rat and sheep 
enzymes® which have both been essentially completely resolved with re- 
spect to the cofactor. 

In a system containing both the rat and sheep enzymes, it was found that 
the addition of the cofactor, although greatly stimulating the rate of the 
phenylalanine-dependent oxidation of TPNH, did not eliminate the lag 
period (Fig. 2). Moreover, in contrast to the earlier observation with 


III 
Requirement for Factor in Reduction of Lag Period 
The conditions were the same as those described in Table IT, except for the amount 
of sheep enzyme, which was 0.6 mg. of a fraction which had been resolved with re- 
spect to the cofactor. The cofactor, added as indicated, was 0.1 ml. of a Dowex 30 
eluate. All of the incubations were carried out with sheep enzyme under anaerobic 
conditions. 


Rate (A optical density < 1000) 
; min. 
final rate 0to3 | 3to6 | 6t09 | 
min. min. min. min. 
No added No preincubation 1 0.2 12; 2.3] 3.3] 9.0 
factor Preincubation 2 0.2 0.4) 3.3] 6.0) 12.5 
Factor added | No preincubation 3 0.2 1.3] 5.3} 12.0] 18.0 
Preincubation 4 0.6 11.3 | 14.0 | 19.7 | 21.2 
Same as [xperi- 5 0.2 1.2; 5.0) 11.0) 18.3 
ment 4 but no 
TPNH 


* First 6 minutes. 


cruder sheep enzyme, the anaerobic preliminary incubation of the purified 
sheep enzyme with TPNH was no longer effective in shortening the lag 
period; the addition of the factor was required. As shown in Experiment 5, 
Table III, in the presence of added factor, TPNH is still needed. The 
results of these experiments are consistent with the view that some kind of 
interaction between TPNH and the factor takes place, and that this re- 
action is an early and perhaps the primary step in the complex sequence 
which ultimately leads to tyrosine formation. More direct evidence for 
a stoichiometric reaction between TPNH and the factor must await the 
availability of larger amounts of the purified factor. 


6 Kaufman S., and Levenberg, B., unpublished procedure. 
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SUMMARY 


The partial purification and some of the: properties of a new cofactor 
which is involved in the conversion of phenylalanine to tyrosine have been 
described. ‘The factor does not replace any of the other components of the 
system; reduced triphosphopyridine nucleotide (TPNH), phenylalanine, 
oxygen, and two enzyme fractions are still required. Experiments which 
suggest an enzyme-catalyzed interaction between TPNH and the cofactor 
have been discussed. 


The author wishes to thank Mr. Richard Funk for skilful technical assist- 
ance during the course of this work. 
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PYROPHOSPHORYLATION OF RIBOSE 5-PHOSPHATE IN THE 
ENZYMATIC SYNTHESIS OF 5-PHOSPHORYLRIBOSE 
1-PYROPHOSPHATE * 


By H. G. KHORANA,f? J. F. FERNANDES,{ ann ARTHUR KORNBERG 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri, and the Chemistry Division, British Columbia Research Council, 
University of British Columbia, Vancouver, British Columbia, Canada) 


(Received for publication, July 22, 1957) 


Enzymatic studies on the synthesis of pyrimidine and purine nucleotides 
led to the recognition of an activated derivative of ribose 5-phosphate 
which was identified as 5-phosphorylribofuranose 1-pyrophosphate (PRPP)! 
(1); Remy, Remy, and Buchanan (2) further showed the configuration of 
the pyrophosphate group to bea. The enzyme responsible for the synthe- 
sis of PRPP was partially purified from liver and shown to carry out the 
reaction: 


ATP + ribose 5-phosphate — PRPP + adenosine 5’-phosphate 


The fact that adenosine 5’-phosphate rather than ADP was formed, the 
failure to detect the accumulation of ADP at any time during the reaction, 
the inability of ADP to substitute for ATP, and the inactivity of enzymati- 
cally prepared ribose 1 ,5-diphosphate suggested a direct pyrophosphoryla- 
tion of ribose 5-phosphate by ATP (1). Thus, the reaction mechanism 
might be visualized as shown in Equation 1. 

However, the indirect nature of this evidence coupled with the lack of 
any proved examples of this type of ATP-kinase action left a decision 
regarding the true mechanism in doubt. More recently, the development 
of knowledge regarding base-catalyzed degradations of pyrophosphates 
bearing suitably placed hydroxyl groups (3) has led to a technique for 


* A. K. was the recipient of grants from the National Institutes of Health of the 
Public Health Service and from the National Science Foundation which supported 
this work. The technical assistance of Mr. Ebel H. Pol during a part of this work 
and financial support by the National Research Council of Canada to H. G. K. are 
gratefully acknowledged. 

t Chemistry Division, British Columbia Research Council, The University of 
British Columbia, Vancouver, British Columbia. 

t Fellow of the Rockefeller Foundation, 1955-56. Present address, Department 
of Histology and Embryology, Faculty of Medicine, University of Sado Paulo, Sao 
Paulo, Brazil. 

'The abbreviations used are adenosine diphosphate, ADP; adenosine triphos- 
phate, ATP or ARPPP; P*?-labeled phosphate, P; 5-phosphoryl a-p-ribofuranose 
1-pyrophosphate, PRPP. 
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degrading PRPP (2) in a way that differentiates the phosphates of the 
pyrophosphoryl group. This technique, together with the availability 


? 
“0-POCHs “O-POCH2 6 
9 9 
OH 0-P-0-P-0" 
OH OH OH OH O- O- 
RIBOSE 5-PHOSPHATE PRPP 
lo 9 
re) 
R-0-P-O” 
ATP o 


R= ADENOSINE 
EQUATION 1 


of methods for specific isotopic labeling of the terminal and middle phos- 
phates of ATP, has made another experimental approach to the problem 
of the mechanism of the ATP-ribose 5-phosphate reaction possible. 

In this paper we describe a base-catalyzed degradation of PRPP which 
liberates quantitatively the terminal phosphate of the pyrophosphoryl 
group as inorganic orthophosphate, leaving a ribose diphosphate ester, 
5-phosphorylribose 1 ,2-cyclic phosphate (I): 


O-POCH2 “O-POCH, 
H H H ~P=0 
PRPP 
5-PHOSPHORYL RIBOSE 
1.2-CYCLIC PHOSPHATE 


(1) 
EQUATION 2 


Application of this degradation procedure to samples of PRPP derived 
from ATP labeled in the terminal phosphate or in the middle phosphate 
has given results which establish the direct enzymatic transfer of the 
pyrophosphory] group from ATP to ribose 5-phosphate. 


Materials 


* 
ARPPP was prepared enzymatically from ADP and P*®-labeled inorganic 
polyphosphate (4). The enzyme (5) used for the phosphorylation was 
purified from Escherichia coli and demonstrated to be free from adenylate 


the 
lity 
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kinase. The inorganic polyphosphate was synthesized by dehydration of 
P®-orthophosphate at high temperature (4). 


ARPPP was prepared from ARPP by phosphorylation with phos- 
* 
phopyruvate and crystalline phosphopyruvate kinase (5). ARPP was 
** 
obtained from ARPPP by removal of the terminal phosphate by means 
** 


of hexokinase (6) and excess glucose. ARPPP was the product of the 
phosphorylation of ADP with P®-acetyl phosphate (5) through the action 
of acetokinase (second acetone fraction (7)) containing significant quantities 
of adenylate kinase. The labeled adenine nucleotides were purified at 
every stage by ion exchange chromatography (8) and isolated as barium 
salts. 

PRPP was prepared as previously described (1), except for the following 
modifications. ‘The enzymatic reaction (incubation mixture of 19 ml. 
containing 21.2 wmoles of ATP) was stopped by removing ATP by the 
addition of 2.5 ml. of a 30 per cent suspension of acid-washed Norit A (2). 
After 3 minutes, the Norit was removed by centrifugation. The PRPP 
was isolated from the supernatant fluid (21 ml., containing 13.3 umoles 
of PRPP) by ion exchange chromatography on Dowex 1 (chloride form, 2 
per cent cross-linked, 4.5 cm. X 2.2 cm.) carried out at 4°. After the PRPP 
solution was applied, the column was washed with 50 ml. of water, and 
elution was begun with 0.1 m LiCl (pH approximately 6.3) at a rate of 1 
ml. per minute; fractions of 16 ml. were collected. Ribose 5-phosphate 
and inorganic orthophosphate were eluted in Fractions 2 to 10. After 
twenty-nine fractions were collected, the solvent was changed to 0.2 
LiCl, and PRPP was then eluted in Fractions 3 to 12. These fractions 
were combined, mixed with 0.1 ml. of lithium acetate (1 mM, pH 6.4), and 
stored at —15°. One-half of this eluate (about 75 ml.) was reduced in 
vacuo to a volume of about 2.5 ml. in a water bath kept below 25°. The 
concentrate was transferred to a 15 ml. centrifuge tube with 1 ml. of 
methanol and treated with 10 ml. of acetone. (A single liquid phase was 
maintained by adding a small volume of methanol if an oily layer sepa- 
rated.) The precipitate was collected by centrifugation, washed first 
with 1 ml. of a cold. methanol-acetone mixture (1:2), then with cold ace- 
tone, and dried in a desiccator (evacuated with a high vacuum pump) for 
about 5 minutes. The residue dissolved in 2.5 ml. of cold water yielded 
a solution of pH about 7.2 which contained 2.35 umoles per ml. The yield 
referred to the incubation mixture before chromatography was 88 per cent. 

Crystalline sodium ATP and sodium ADP were products of the Sigma 
Chemical Company, and ribose 5-phosphate was obtained from the Schwarz 
Laboratories, Inc. 
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5-Phosphorylribofuranose a-1-phosphate (ribose 1,5-diphosphate) was 
synthesized chemically by the procedure of Tener and Khorana (9). 
Phosphopyruvie acid was prepared by Ohlmeyer’s modification (10) of 
Kiessling’s procedure. 

Crystalline pyruvate phosphokinase was prepared according to Beisen- 
herz et al. (11). Glucose-6-phosphate dehydrogenase and hexokinase 
were purchased from the Sigma Chemical Company. 


Methods 


Determinations of ATP, PRPP, pentose, phosphate, and radioactivity 
measurements were carried out as previously described (1). 

The ion exchange chromatography of PRPP and its degradation products 
was carried out on Dowex 1 columns (formate form, 2.5 cm. X 1 cm.) at 
4° at a flow rate of about 0.5 ml. per minute. Fractions of 6.2 ml. were 
collected by using first 0.1 m formate (pH 5) to elute orthophosphate and 
ribose 5-phosphate, then 0.25 m formate to elute 5-phosphorylribose 1 ,2- 
cyclic phosphate (I), and finally 0.5 m formate to elute PRPP. 

Paper chromatographic comparisons of chemically synthesized (I) and 
the PRPP degradation product were made on Whatman No. 4 paper by 
using a descending solvent system of n-propanol-ammonia water-water 
(6:3:1) (12). Chemical synthesis of the cyclic ester (1) was achieved by 
treatment of synthetic ribose a-1,5-diphosphate (9) with dicyclohexyl 
carbodiimide.” 


Results 


The requirements for this experimental approach were that (a) the 
ATP sample be labeled specifically in the terminal or middle phosphate 
group, that (b) the PRPP-synthesizing enzymes be free from adenylate 
kinase activity, that (c) the enzymatically prepared PRPP be isolated in a 
pure, undegraded state, and that (d) the degradation of PRPP be specific 
according to Equation 2. The conditions for meeting the first three of 
these requirements have been described already, and the last will be con- 
sidered here. 

Alkaline Degradation of PRPP—Heating of PRPP at 100° in a buffer of 
pH 7.4 was reported by Remy et al. (2) to yield a cyclic ribose diphosphate 
and orthophosphate, but in our hands this procedure did not prove suffi- 
ciently specific and quantitative. Exposure of PRPP to 100° for 20 min- 
utes in tris(hydroxymethyl)aminomethane buffer (pH 8.1) completely 
destroyed it, but some ribose monophosphate (monophosphates) was 
formed, and the situation was further complicated by, presumably, the 
interaction of the buffer with the initial product, 5-phosphorylribose 1 ,2- 


2 Tener, G. M., and Khorana, H. G., J. Am. Chem. Soc., in press. 
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cyclic phosphate. Further experiments to degrade PRPP according to 
Equation 2 were carried out at 25° under alkaline conditions. Although 
the substance was markedly stable under these conditions,” its breakdown 
was found to be catalyzed by Ba** ions. This observation provided the 
basis for the following satisfactory procedure. 2 ml. of PRPP solution, 


12 M FORMATE FORMA roman 
PRPP--UNTREATED 
| +100 
8 | 
-~ | a 
6 
3 4 | 440 4 
loo 
= 2 m 
a’ ~_ 
> 
- 
2 4 | | 100 m 
| 225 
| 
| 175 
| | 460 
| 
| 


= 


6 10 | 
FRACTIONS( TUBE NUMBER) 


Fic. 1. PRPP, synthesized from ARPPP, analyzed before and after alkaline hy- 
drolysis. Chromatography under these conditions (see ‘‘“Methods’’) elutes inorganic 
orthophosphate and ribose 5-phosphate with 0.1 m formate, 5-phosphorylIribose 1 ,2- 
cyclic phosphate with 0.25 m formate, and PRPP with 0.5 m formate. 


containing about 2 uwmoles, were treated with 0.01 ml. of 1 mM barium 
acetate, and the pH was adjusted to 10.4 to 10.5. The turbid solution, 
after 1 hour at 25°, contained essentially no PRPP and was then analyzed 
by ion exchange chromatography. 

Analysis of Degraded PRPP—PRPP derived from terminally labeled 
ATP was essentially pure (Fig. 1), and after degradation yielded quanti- 
tatively radioactive inorganic orthophosphate and non-radioactive pentose 
diphosphate (I) (see Fig. 1). The specific radioactivities of the PRPP and 
inorganic orthophosphate were the same. 
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PRPP prepared from ATP labeled in the middle phosphate contained 
only small amounts of inorganic orthophosphate and pentose diphosphate | 
(see Fig. 2). After almost complete degradation of PRPP, there was a 


600} | | 4120 
500} | | | 4'00 m 
+ | | 
400} | 480 § 
> = | | - m 
= 300+ | | = 
= 200} | | | {49 = 
| | 
100 | 3 420 2 
PRPP-- DEGRADED, | 
© 400} | [=  780f 
| | = 460 I 
| | 440 
| | 4s- 
| | 420 
3 > IS- 


2 6 10 14 #18 22 26 30 
FRACTIONS (TUBE NUMBER) 


Fic. 2. PRPP, synthesized from ARPPP, analyzed before and after alkaline 
hydrolysis. Chromatography under these conditions (see ‘“Methods’’) elutes inor- 
ganic orthophosphate and ribose 5-phosphate with 0.1 mM formate, 5-phosphoryIribose 
1,2-cyclic phosphate with 0.25 m formate, and PRPP with 0.5 m formate. 


corresponding appearance of a pentose diphosphate which was radioactive, 

and inorganic orthophosphate which was not (Fig. 2). The specific radio- 

activities of the PRPP and pentose diphosphate zones were identical. 
The migration of the pentose diphosphate on paper showed it to be 


ned 
late 
is a 


H. G. KHORANA, J. F. FERNANDES, AND A. KORNBERG 947 


indistinguishable from a synthetic sample of (I) (Rr = 0.16) and distinct 
from ribose 1, 5-diphosphate (Ry = 0.07). . 

Inability of Ribose 1 ,5-Diphosphate to Serve As Precursor of PRPP or 
Nucleotides—Previous demonstrations of the “inactivity” of the enzy- 
matically prepared pentose diphosphate (1) have now been confirmed 
with a better characterized product synthesized by chemical means (9). 
When the latter material was tested in place of ribose 5-phosphate for 
conversion to PRPP ((1); see Assay B, Stage 1), no detectable reaction 
was found, inasmuch as the reaction product was not utilizable in convert- 
ing orotic acid to a nucleotide ((1); see Assay B, Stage II). It was also 
demonstrated that the absence of any reaction with ribose 1 ,5-diphos- 
phate was not due to an inhibitory substance in the preparation. Thus the 
rate of PRPP synthesis in the standard system ((1) Assay B, Stage I) was 
not altered when ribose 1,5-diphosphate was present in concentration 
equal to that of ribose 5-phosphate. Also, the rate of uridine 5’-phosphate 
synthesis from orotic acid and PRPP was not influenced by the presence of 
ribose 1 ,5-diphosphate. 


DISCUSSION 


The evidence presented here indicates that PRPP is produced by trans- 
fer of an intact pyrophosphate group from ATP to ribose 5-phosphate. 
As suggested earlier (13), it might be of interest to investigate the enzymatic 
conversion of thiamine to thiamine pyrophosphate by ATP as another 
example of this type of reaction. The studies of Weil-Malherbe (14) and 
subsequent studies by Leuthardt and Nielsen (15) showed thiamine to be 
a better substrate than thiamine monophosphate, therefore suggesting the 
transfer of a pyrophosphate group from ATP in thiamine pyrophosphate 
formation. Perhaps it would now be possible to settle this point with 
specifically labeled ATP, as has been described here for PRPP synthesis. 
The phosphate groups of thiamine pyrophosphate can be distinguished by 
converting the terminal phosphate to inorganic phosphate by acid or 
enzymatic hydrolysis (16), leaving the other esterified to thiamine. By 
analogy with the PRPP studies, radioactive inorganic phosphate should be 
released from thiamine pyrophosphate prepared from terminally labeled 
ATP but not from middle-labeled ATP. 

It is of interest to point out that, with the mechanism demonstrated in 
these studies, the participation of ATP in biosynthetic reactions may now 
be considered to involve nucleophilic attacks on each of the three phos- 
phates. Attack on the terminal phosphate is typified by the kinase or 
phosphorylation reaction; attack on the middle phosphate leads to a pyro- 
phosphorylation as described here, and attack on the innermost phosphate 
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is common to a variety of pyrophosphorolyses in which adenyl coenzymes, 
fatty and amino acids, sulfate, and carbonate are formed (13). 


SUMMARY 


The mechanism of the enzymatic synthesis of 5-phosphoryl a-p-ribo- 
furanose 1-pyrophosphate (PRPP) has been demonstrated to involve a 
direct transfer of the terminal pyrophosphate group of ATP to carbon 1 of 
p-ribose 5-phosphate. PRPP derived from ATP, labeled specifically in 
the terminal or middle phosphate group, was degraded by a procedure 
which quantitatively converts the terminal phosphate of the pyrophos- 
phate group to inorganic orthophosphate, leaving 5-phosphorylribose- 
1,2-cyclic phosphate. Degradation of PRPP derived from terminally la- 
beled ATP yielded radioactive inorganic orthophosphate; with PRPP 
obtained from ATP labeled in the middle phosphate, only the ribose di- 
phosphate contained the radioactivity. 
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O-ACETYL GROUPS IN THE.CELL WALL OF 
STREPTOCOCCUS FAECALIS* 


By ADOLPH ABRAMS 


(From the Department of Biochemistry, University of Colorado School of Medicine» 
Denver, Colorado) 


(Received for publication, September 9, 1957) 


O0-Acetyl groups have not been generally recognized as constituents of 
bacterial cell walls (1). In the course of an investigation of protein syn- 
thesis in Streptococcus faecalis it was observed that certain insoluble frac- 
tions prepared from this organism react with hydroxylamine to yield a 
soluble hydroxamic acid derivative. In subsequent experiments the 
reaction was found to be due to the presence of acetic acid in an O-ester 
linkage, and this acetyl group was shown to be a part of the structure of 


- jsolated intact cell walls. The positive hydroxylamine reaction has also 


been observed in the insoluble fraction of several other species of bacteria. 


Methods 


Growth of Organisms—Streptococcus faecalis cells (ATCC 9790)! were 
grown overnight at 37° in a medium consisting of 1.0 per cent glucose, 1 
per cent tryptic digest of casein (Difco tryptone), 1.0 per cent K,HPOs,, 
and 0.5 per cent yeast extract. The cells were harvested by centrifugation 
and washed with cold 0.05 m tris(hydroxymethyl)aminomethane (Tris) 
buffer, pH 7.8, or with cold distilled water, both types of washing being 
equally satisfactory. 

Disintegration of Organisms and Preparation of Insoluble Fractions— 
Washed cells from 1.0 liter of fully grown culture were suspended in 20 
ml. of a medium which consisted of 0.4 mM sucrose and 0.1 m Tris, pH 7.8, 
and subjected to sonic treatment in a Raytheon 10 ke. sonic oscillator for 
20 minutes. The resulting mixture was centrifuged at 1400 X g for 15 
minutes in a Spinco preparative ultracentrifuge at 4°. The sediment 
(Fraction 1) was removed and the supernatant fluid was then centrifuged 
at 9000 X g and the sediment (Fraction 2) again removed. Similarly, 
sediments were obtained at 36,000 X g (Fraction 3) and 81,000 X g (Frac- 
tion 4). The remaining clear supernatant solution is Fraction 5. 

Preparation of Morphologically Intact Cell Walls—Cells, washed with 
water, were suspended in 20 ml. of water and subjected to sonic treatment 


*Supported by an institutional grant of the American Cancer Society and the 
Continuing Research Fund of the University of Colorado. 
1 Kindly provided by Dr. 8. G. Dunlop. 
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in a Raytheon 10 ke. sonic oscillator for 20 minutes. Unbroken cells were 
removed by centrifugation at low speed (1500 X g) and the supernatant 
solution was then centrifuged at 10,000 K g. The pellet thus formed was 
resuspended in water and the process of low speed and high speed centrifu- 
gation was repeated three times, the low speed sediment being discarded 
each time. Examination of the final white suspension with the electron 
microscope revealed that it was composed almost exclusively of intact 
cell walls. Only an occasional whole cell could be discerned in this prepara- 
tion. 

Analytical Methods—In order to determine quantitatively the acetyl 
ester grouping in the various cell fractions, Hestrin’s (2) modification of the 
procedure of Lipmann and Tuttle (3) was used. The method depends upon 
the instantaneous reaction of esters with alkaline hydroxylamine toform the 
corresponding hydroxamic acid derivatives. The derivative reacts with 
FeCl; in acid solution to form a colored complex, which is then measured. 
In the present experiments, after a 1 ml. sample had been mixed with 2.0 
ml. of alkaline hydroxylamine (2) for 2 minutes at room temperature, the 
solution was acidified with 1.0 ml. of a solution consisting of 27.6 ml. of 
concentrated HCl, 60 ml. of H.O, and 5 gm. of trichloroacetic acid. The 
insoluble protein was removed by centrifugation, and, after adjustment of 
the pH to 1.0 to 1.2, 1.0 ml. of the FeCl; reagent (2) was then added. 
The resulting color was measured immediately in a Klett photometer. 
Acetylcholine was used as a standard reference compound. The photom- 
eter reading obtained with 1.0 umole of acetylcholine was 115. 

For chromatographic identification of sugar constituents of the soluble 
cell wall preparation, 5 mg. or less of the powder were hydrolyzed in 0.5 
ml. of 0.5 N H2SO, in a sealed tube at 100° for about 9 hours. The H.SO, 
was removed by the addition of BaCO; and an appropriate amount of the 
supernatant solution was spotted on Whatman No. 1 paper alongside 
known sugars. Chromatography was carried out with two different 
solvent systems; phenol saturated with water, and ethyl acetate-pyridine- 
H,O (2:1:2). Aniline-H3;PO, (4) was used as a developing spray. 

The rhamnose content of the cell wall polysaccharide was determined by 
the method of Dische and Shettles (5) for methylpentose, with use of a 10 
minute heating time. The same result was obtained whether or not the 
polysaccharide was subjected to a preliminary hydrolysis. 

The total reducing sugar of the soluble cell wall preparation was deter- 
mined after hydrolysis with 0.5 n H.SO,, by the method of Park and John- 
son (6). Glucose was determined quantitatively by measuring total 
reducing sugar in an acid hydrolysate, before and after treatment with the 
enzyme glucose oxidase (7) (Sigma Chemical Company). 

For chromatographic identification of the amino acid constituents of the 
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soluble cell wall preparation, 5 mg. or less were hydrolyzed in 0.5 ml. of 6 
n HCl in a sealed tube overnight at 100°. . The HCl was removed in 
vacuo over NaOH before paper chromatography. Two different solvent 
systems were used, phenol saturated with water and butanol-acetic acid- 
water (4:1:5). The compounds were detected with ninhydrin. The 
identification of the amino acids and amino sugar was confirmed by paper 
electrophoresis. The amino compounds were estimated by visual com- 
parison of ninhydrin color intensity of the separated compounds with 
graded quantities of the known compounds. 

The soluble polysaccharide-amino acid complex was detected in paper 
electrophoretic experiments at a 0.5 mg. level, with an aniline-phosphoric 
acid spray (4), by using a heating time of 10 minutes at 100° or by testing 
samples eluted from the paper with the anthrone reagent (8). 

The protein concentration of suspensions of the insoluble fractions, Nos. 
1 to 4, and the supernatant fraction, No. 5, was determined by the method 
of Lowry et al. (9). 

The weight of the bacteria or of the isolated cell walls was measured by 
precipitation with 5 per cent trichloroacetic acid, after which the precipi- 
tate was washed successively with water, acetone, acetone-ether (1:1), and 
ether. The ether was removed by evaporation and the resulting powder 
weighed. The weights so obtained were practically equivalent to those 
obtained by direct drying in an oven at 100—105°. 


EXPERIMENTAL 


Hydroxylamine-Reactive Fractions—Insoluble fractions and a supernatant 
fraction were prepared from the sonically disintegrated bacteria by differ- 
ential centrifugation (see under ‘‘Methods”’) and were tested with alkaline 
hydroxylamine. As shown in Fig. 1, hydroxylamine-reactive groups 
were present in the highest concentrations in two subcellular fractions 
which sedimented between 9000 and 35,000 X g. These two fractions 
(Nos. 2 and 3, Fig. 1), prepared from 6 liters of culture, were pooled and 
suspended in 12 ml. of HO and treated as follows: The pH was adjusted 
to 7.5, and 5.0 mg. of crystalline trypsin and 15 mg. of crystalline chymo- 
trypsinogen were added. The mixture was incubated for 16 hours at 37° 
and then centrifuged at 3600 X g. The sediment was discarded and the 
clear supernatant fraction was exhaustively dialyzed against water. Tri- 
chloroacetic acid was added to a concentration of 5 per cent and the small 
amount of precipitate which appeared was discarded. The trichloroacetic 
acid was removed by extraction with ether and the aqueous solution was 
concentrated to a thick syrup in vacuo. This material was then converted 
to a powder by washing with dry ether. The yield was 139 mg. of a 
preparation which was completely soluble in water and in trichloroacetic 
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acid. As shown in Table I, this preparation was made up of polysaccharide 
and amino acids and resembled quite closely the composition of materials 
prepared from the cell walls of Gram-positive bacteria by several investi- 
gators (10-12). 

When a sample of this polysaccharide-amino acid complex was subjected 
to paper electrophoresis at pH 7.8, it migrated as a negatively charged 
molecule and only one band, with some tailing, was observed (Fig. 2). 
The hydroxylamine-reactive groups were located entirely in the band 


ACID (MICROMOLES PER 


- 


FRACTION NO. 


Fic. 1. Distribution of O-acetyl groups among fractions of sonically disintegrated 
S. faecalis obtained at the following centrifugal forces: Fraction 1, 0 to 1400 X g; 
Fraction 2, 1400 to 9000 X g; Fraction 3, 9000 to 36,000 XK g; Fraction 4, 36,000 to 
81,000 X g; Fraction 5, supernatant fraction from 81,000 X g. 


together with all of the other compounds listed in Table I, with the excep- 
tion of aspartic acid.? 

Identification of Acethydroxamic Acid—The organisms from 2 liters of 
culture were sonically disintegrated and the fractions which sedimented 
between 9000 and 36,000  g were prepared, washed with water, and 
suspended in 1.0 ml. of HO. 4.0 ml. of alkaline hydroxylamine (2) were 
added and the mixture was allowed to react for 5 minutes, at which time 
the reaction mixture was acidified. The pH was then adjusted to 7.5 and 
the mixture placed in vacuo over concentrated H.SO, to remove the large 


2 Of course, the use of larger amounts of material for analysis might reveal the 
presence of some aspartic acid in the electrophoretic preparation. 
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TABLe 


Composition of Soluble Substance Derived from H ydrorylamine-Reactive 


Insoluble Fractions of S. faecalis 


953 


Component Percentage by weight* 

“ reducing substance (as glucose)............. 55 

carbohydrate} (anthrone)................... 50 
3 
0.5 


* Not corrected for moisture content. 


t The author is grateful to Dr. J. B. Mackenzie for the nitrogen analysis. 
t In terms of a standard containing glucose and rhamnose in proportion to that 


found, 7.e. 30.5 parts glucose and 19 parts rhamnose. 
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CM OF MIGRATION 


Fic. 2. Paper electrophoresis of soluble polysaccharide-amino acid complex. What- 
man No. 3 paper; voltage gradient 10 volts per cm.; time, 3 hours; buffer, 0.1 N Tris, 
10 mg. substance was placed on the paper along a6cm. line. The move- 


pH 7.8. 


ment was corrected for electroendosmotic flow. 
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excess of hydroxylamine by volatilization. The solution was then de. 
salted electrolytically and evaporated to dryness in vacuo. The residue 


TABLE II 


Comparison of Paper Chromatographic Rp Values of Unknown H ydrozamic 
Acid Derivative with Acethydrozamic Acid 


Solvent system (non-aqueous phase) | R 
sec-Butanol-formie acid-HeO (75:15:10)... 0.62 0.63 
kthyl acetate-n-butanol-H2O 0.41 0.42 
Ethyl acetate-pyridine-H.O (2:1:2)......... 0.76 0.79 


N“N 
- 


HYDROXAMIC ACID FORMED (KLETT PHOTOMETER READING) 


ey: ey: 
ML. OF SUSPENSION 
Fic. 3. Linear relation between hydroxamic acid formation with alkaline hy- 
droxylamine and the amount of sample containing the reactive acetyl group. The | 
sample was the trichloroacetic acid (5 per cent) precipitate from whole cells, washed | 
with water and suspended in water. 1 ml. contained 72.5 mg. of substance. 


was chromatographed (ascending) in Whatman No. 1 paper, with use of 
four different solvent systems (Table II), and developed by spraying with 
acid ferric chloride (2). With each solvent system, only one spot was 
observed with a purple color typical of a hydroxamic acid-ferrie ion com- 
plex. As shown in Table II, its Ry corresponded with that of a synthetic 
sample of acethydroxamic acid. 
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Linkage of Reactive Acetyl Group—The reaction of the hydroxylamine- 
reactive grouping with alkaline hydroxylamine under the conditions of 
Hestrin (2) was quantitative and practically instantaneous. This fact is 
illustrated in Fig. 3, which shows the linear relation between the amount 
of sample, a washed trichloroacetic acid precipitate of whole bacteria, and 
hydroxamic acid formation. Only O esters and the so called high energy 
linkages (P-acyl, S-acyl, imidazoleacyl) react in this fashion (2, 13, 14). 
However, the latter are known to be extremely labile in the presence of 


ACID (KLETT PHOTOMETER READING) 


TIME OF HYDROLYSIS (MINUTES) 


Fic. 4. Rate of alkaline hydrolysis of hydroxylamine-reactive acetyl groups as 
measured by hydroxamic acid formation. Samples (36 mg.) of washed trichloroacetic 
acid precipitates of whole cells were incubated in 0.1 N NaOH at 24° and tested at 
intervals of time with alkaline hydroxylamine. 


acid, although the reactive acetyl group was quite stable to 0.1 N HCl at 
room temperature for at least 30 minutes. 

As a further check on the specificity of the alkaline hydroxylamine test, 
hyaluronic acid (which contains 50 per cent N-acetylglucosamine, a promi- 
nent constituent of bacterial cell walls) was tested and no hydroxamic 
acid formation was detected. On the other hand, when a purified prepa- 
ration of type I pneumococcus capsular polysaccharide,’ which contains | 
O-acetyl groups (15), was tested, a strong positive test for hydroxamic 
acid formation was obtained. 

When preparations which contained hydroxylamine-reactive groups were 


* The author is indebted to Dr. D. Alonso for supplying a sample of type I pneu- 
mococcus capsular polysaccharide prepared without exposure to alkaline conditions. 


acid 
35 
0.1 N NoOH 
3 TEMP = 24° C. 
+ 
\ 
+ 
hy- 
lhe 
hed 
of 
ith 
yas 
m- 


956 ACETYL GROUPS IN 8S. FAECALIS CELL WALL 


incubated with 0.1 ~ NaOH at room temperature for 30 minutes, the 
reactive groups disappeared. The kinetics of this alkaline hydrolysis is 


Tas_e III 
O-Acetyl Group Content of Cell Walls and Intact Cells of S. faecalis* 


| Preparation I Preparation II Preparation III 


eee | 0.21 0.19 0.20 


| 0.08 0.08 


* Expressed as micromole per mg. of dry weight. 


500° 


TURBIDITY (KLETT PHOTOMETER READING) 


( 
TIME (minutes) 
Fig. 5. Lysis of isolated cell walls from S. faecalis by lysozyme (180 y per ml.) 
in 0.1 M phosphate buffer, pH 6.2; temperature, 35°. 


shown in Fig. 4. The rate is consistent with the known ease of hydrolysis 
of O esters in alkaline solution. For example, under the same conditions [| 
acetylcholine was hydrolyzed completely in less than 5 minutes. It is to 
be noted that amides, on the other hand (e.g. N-acetylglucosamine), are 
relatively resistant to alkaline hydrolysis. 

Analysis of Morphologically Intact Cell Walls—Since the foregoing 
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experiments suggested that the O-acetyl groups might be associated with 
the cell walls, it seemed desirable to examine these structures in a mor- 
phologically identifiable state. For this purpose cell walls were prepared 
as described under ‘‘Methods” and identified by electron microscopy.‘ 
The O-acetyl group content of a number of such preparations was deter- 
mined, along with the O-acetyl content of the whole cells from which the 
cell walls were derived. As shown in Table III, the cell walls contain a 
2.5 times greater concentration of the O-acetyl group than the whole cells. 

Analysis of Soluble Substance Produced by Use of Lysozyme—A further 
substantiation of the conclusion that the O-acetyl groups were bound to 
the cell wall was afforded when it was discovered that the cell walls, as 
well as the whole cells of S. faecalis, could be dissolved by the enzyme 


TaBLe IV 


Reaction of Alkaline Hydrozylamine with Trichloroacetic Acid 
Precipitates of Various Whole Bacteria 


Hydroxamic acid formed per mg. dry weight 
Bacteria 
Before alkali After alkali pre- 
pretreatment treatment*® 
pmole pmole 


*0.1 n NaOH at room temperature, | hour. 


lysozyme (Fig. 5). After lysis of a purified suspension of intact cell walls, 
the mixture was centrifuged and the supernatant fraction was treated with 
3 volumes of ethyl alcohol. The precipitate was separated by centrifuga- 
tion, redissolved in water, and reprecipitated with ethyl alcohol. The 
procedure was repeated three times. The soluble substance so obtained 
contained 1.1 per cent O-acetyl groups. This is approximately the same 
quantity found in the original cell walls. Furthermore, paper electro- 
phoresis of this soluble preparation showed one polysaccharide band 
which contained the O-acetyl groups and whose mobility was essentially 
the same as that of the soluble polysaccharide-amino acid complex (Fig. 3) 
rnin had been prepared from centrifugal Fraction 2 plus Fraction 3 (see 
above). 

Alkaline Hydroxylamine Reaction with Other Bacteria—An examination of 
the washed trichloroacetic acid precipitate of Escherichia coli, Bacillus 
subtilis, and Staphylococcus aureus showed that all of these organisms con- 


‘Kindly performed by Dr. V. L. van Breeman. 
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tain components which react in the alkaline hydroxylamine test to produce 
hydroxamie acid derivatives. Furthermore, when the washed trichloro- 
acetic acid precipitates were incubated with 0.1. N NaOH for 1 hour at room 
temperature, the hydroxylamine reaction was eliminated (Table IV), 
Thus, the presence of O ester groups in the trichloroacetic acid-insoluble 
fraction of these cells is indicated. 


DISCUSSION 


Although acetyl ester groups have not hitherto been recognized among 
the components of bacterial cell walls (1), the widespread occurrence of 
such groups in this component of bacterial cells is suggested by the experi- 
ments reported in this paper. ‘These results are of particular interest in 
view of the report that the nitrogenous carbohydrate, sialic acid (neuraminic 
acid), which has been isolated from a number of animal mucoproteins, 
contains O-acetyl ester groups (16). Furthermore, there is evidence that 
sialic acid‘is also part of the receptor site on the red blood cell surface 
which interacts with influenza virus (17). This suggests that the 0- 
acetyl groups of the bacterial cell wall may be present in the form of sialic 
acid or of a related compound. The recent finding of a sialic acid-like 
substance, colomminic acid, by Barry and Goebel (18) in the medium of 
E. coli cultures lends credence to this idea. 

Recently (19), a polysaccharide from Bacillus anthracis was isolated 
which contained O-acetyl groups. Although its morphological origin was 
not determined, it seems probable that it was derived from the cell wall. 

The type I pneumococcal capsular polysaccharide also contains O- 
acetyl groups (15). However, in this instance the ester is part of the 
capsule, a structure quite distinct from the cell wall proper. Another 
O-acetyl-substituted compound, recently discovered, is 6-O-acetylglucose 
(20), which was isolated from the medium of certain strains of Bacillus 
megatherium, and which may be related to the cobalamin-producing 
capacities of this organism. Whether this compound has any relation to 
the cell wall is not known at present. 

An incidental finding connected with this investigation which deserves 
comment is the susceptibility of our particular strain of S. faecalis to attack 
by lysozyme, in contrast to the resistance reported by Salton (21) for his 
strain of the organism. It is to be noted that Salton’s strain contained 
galactose as one of the cell wall polysaccharide constituents, whereas 
galactose was not found in the soluble polysaccharide preparation derived 
from the S. faecalis used in the present studies. Inasmuch as this is the 
only apparent difference between the two strains, it suggests that the pres- 
ence of galactose in the polysaccharide structure may block the action 
of lysozyme on the cell wall. 


ace 


es 


& 


m 


A. ABRAMS 959 


The author is greatly indebted to Professor C. G. Mackenzie for many 
helpful discussions and encouragement in the course of this work. 
The competent technical assistance of Mrs. D. Voss is greatly appre- 


ciated. 
SUMMARY 


Streptococcus faecalis cell walls isolated in a purified and morphologically 
intact state, as judged by electron microscopy, contain approximately 1 
per cent O-acetyl ester groups. Purified soluble macromolecular poly- 
saccharide-amino acid preparations derived from the cell walls migrated 
in paper electrophoretic experiments as a “single”? band which contained 
the O-acetyl groups. 

The component of the cell wall which reacts with hydroxylamine was 
recognized as acetic acid by chromatographic identification of its hydrox- 
amie acid derivative. Only an ester type bond between the cell wall 
polysaccharide and the acetic acid was consistent with all of the observed 


chemical properties. 
An examination of a few other bacterial species showed evidence of 
0 ester groups in the trichloroacetic acid-insoluble portion of the cells. 
The strain of S. faecalis used was susceptible to the lytic action of lyso- 


zyme. 
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RELATIONS BETWEEN BACTERIAL CELL WALL SYNTHESIS, 
GROWTH PHASE, AND AUTOLYSIS* 


By GERALD D. SHOCKMAN, JOSEPH J. KOLB, ann GERRIT TOENNIES 


(From the Lankenau Hospital Research Institute and the Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, August 15, 1957) 


When microorganisms are allowed to grow under conditions whereby a 
single amino acid is the growth-limiting factor, the extent of the ensuing 
growth response is a measure of the amount of the particular amino acid 
(microbiological assay). Our previous studies, in which we used Strep- 
tococcus faecalis 9790, revealed characteristic differences in the patterns 
of the growth responses evoked by different growth-limiting amino acids. 
For instance, in the case of valine limitation the increase in optical density 
ceases after 17 hours of incubation, although in the analogous case of 
threonine it continues for several days, and in the case of lysine limitation 
a brief period of growth is followed by autolysis in less than 24 hours (3, 4). 
Further investigation (5) showed that the end of the exponential growth 
phase (5 to 6 hours of growth) is marked by the depletion of the limiting 
amino acid from the medium and its complete incorporation into the cells, 
and that this point is followed by further slow increases in optical density 
of the order of 50 per cent for valine and 100 per cent for threonine, or, 
in the case of lysine, by immediate lysis. The data to be presented now 
partially clarify these phenomena; they indicate that termination of the 
exponential growth phase and termination of the assimilation of amino 
acids required for cytoplasmic synthesis are normally followed by a stage of 
metabolism during which a large increase in the amount of cell wall sub- 
stance takes place. Recent investigations (6-11) have shown that rela- 
tively few amino acids are components of streptococcal cell walls and that 
4 prominent member of this group is lysine. Our findings suggest that, 
when exponential growth is terminated by depletion of lysine, the absence 
of this amino acid for postexponential cell wall synthesis is causally related 
to the ensuing autolysis. 


Methods 


Growth Conditions—S. faecalis (ATCC 9790) was grown on a highly 
buffered medium (5). In order to increase the growth yield of the medium, 


* This work was done under a research contract with the Office of Naval Research. 
It was also aided by an institutional grant of the American Cancer Society. The 
results have been presented in part at the 1957 meetings of the American Society of 
Biological Chemists (1) and the Society of American Bacteriologists (2). 
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the previously employed quantities of adenine, guanine, and uracil were 
tripled and the quantity of pantothenic acid was doubled. The previously 
used DL-amino acids were replaced by the L compounds, with the exception 
of alanine. Only minor alterations of the amino acid response curves 
resulted from this change. In the improved culture medium duplication 
at constant rate (the exponential growth phase) extends to an adjusted 
optical density (AOD, adjusted to agree with Beer’s law (12)) of 3000, 
measured on a Coleman model 14 spectrophotometer in 19 K 150 mm. 
tubes at 675 mp. This is equivalent to a population of about 3 X 10° 
cells per ml. or 1.2 gm. of cellular dry weight per liter. Since growth to 
these high densities involves the formation of lactic acid beyond the 
buffering capacity of the 0.3 m sodium phosphate buffer, a procedure 
of continuous neutralization with NaOH, with use of a Beckman automatic 
titrator, was employed to maintain the pH at 6.5. The glucose level was 
maintained above 1 per cent by periodic additions, based on the amount 
of alkali consumed. Alkali consumption was translated into glucose utili- 
zation on the basis of the formation of 2 moles of lactic acid from 1 mole 
of glucose. 

6 liter batches were grown at 38°, in a water bath, and density measure- 
ments were made by removing small samples and diluting them with 
deficient culture medium to suitable optical densities. ‘The cultures were 
inoculated with exponentially growing cells (5), at a level that would give 
an initial AOD of 1 (about 10° cells per ml.). Since, under our conditions, 
exponential phase cells seem to be of constant composition (5), it was only 
necessary to be certain that such cultures were harvested at a point that 
was well within the exponential growth phase. ‘Non-limited” stationary 
phase cells were harvested from non-limited medium at a point at which 
the optical density had leveled off despite continuous neutralization and 
maintenance of an adequate supply of glucose. This occurred at about 5 
hours after, and at a level of optical density about 50 per cent higher than 
that at the end of the exponential phase. Cessation of growth of these 
stationary cells, ‘‘non-limited”’ by amino acids or glucose, may be due to 
depletion of some other nutritional factor or factors or to accumulation 
of lactate. These cultures reached a density of about 2 gm. per liter. 
Stationary phase cells whose growth had ceased because of the depletion 
of valine or lysine were also grown at constant pH and harvested at growth 
levels of about 1 gm. per liter. Another crop of stationary phase, valine- 
limited cells was grown without neutralization, but was harvested at 
about one-half the growth density of the neutralized cultures (final pH 
5.4). Histidine-limited cells, in smaller quantities, were similarly grown. 

Harvesting—Growth was stopped at the desired level by pouring the 
whole culture onto an equal weight of ice, and the cells were harvested in 
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the cold on a Westphalia Universal centrifuge (model LWA 205, Centrico, 
Inc., 75 West Forest Avenue, Englewood, New Jersey). The cells were 
suspended twice in ice-cold distilled water equal to one-half the volume of 
the culture, and separated again on the Westphalia centrifuge. During 
this entire process the temperature was kept near zero by maintaining ice 
(distilled water) in the cell suspension. Four or five additional washings 
were carried out immediately in a refrigerated centrifuge with much 
smaller volumes of ice water, and during this procedure small amounts of 
foreign matter, picked up during growth and centrifugation, were removed 
by discarding the black material that settled to the bottom of the centri- 
fuge tubes. The harvesting and washing operations took a total of 7 to 
9 hours; they should not be interrupted, since upon continued suspension 


TaBLe 
Bacterial Preparations 
ration Growth phase Growth conditions Yield Nitrogen 
bat gm. per cent 
1 | Exponential Continuous neutralization | 3.4 | 13.3 + 0.1 
2 4.8 13.1 + 0.3 
3 3.9 | 13.3 + 0.2 
4 | Stationary, non-limited 3.9 11.0 + 0.1 
5 7.1) 11.0 + 0.1 
6 valine-limited 3.1 | 10.7 + 0.2 
7 lysine-limited 2.5 | 11.9 + 0.2 
8 valine-limited | No neutralization 3.6 11.5 + 0.2 


in ice-cold water the cells begin to release significant quantities of nin- 
hydrin-reactive, and 260 my-absorbing, materials.' The final products 
were lyophilized and stored in vacuo. Their net yield and nitrogen con- 
tent are listed in Table I. 

Disruption of Cells—The lyophilized cells were quantitatively separated 
into soluble (protoplasm) and insoluble (cell wall) fractions by shaking with 
glass beads and centrifugation at 20,000 X g, all carried out in the cold. 
The apparatus and procedures have been previously described (14). A 
clean separation seems to be achieved, as indicated by the absence of 
protoplasmic constituents in the cell wall preparations and the lack of 
cell wall constituents in the soluble fraction. 

Electron Microscopy—The purity of the cell wall preparations was 
confirmed by electron microscopy of chromium-shadowed preparations. 


'Stegemann, H., and Toennies, G., unpublished studies; cf. also Salton (13). 


ere 
sly 
lon 
"es 
on 
ed 
00, 
m. 
to 
he 
ire 
tic 
‘as 
nt | 
li- 
ile 
e- 
th 
re 
ve 
ly 
at 
ry 
d 
5 
n 
se 
to 
T. 
h 
e- 
t 
H 


964 CELL WALL SYNTHESIS AND AUTOLYSIS 


There was little evidence of cytoplasmic contamination (electron dense 
material) in any of the well washed preparations. 

Analytical Methods—Total nitrogen was estimated by a semimicro- 
modification of the nesslerization method of Miller and Miller (15). For 
the determination of bacterial dry weights, aliquots of cultures were thor- 
oughly washed with the aid of high speed centrifugation and brought to 
constant weight at 105°. Amino acids were assayed microbiologically 
with S. faecalis (3, 5). Rhamnose was estimated by the method of Dische 
and Shettles (16), and hexosamine by a modification (17) of the Elson 
and Morgan reaction (18). 

Paper Chromatography of Cell Wall Hydrolysates—5 to 10 mg. samples 
of cell wall were hydrolyzed in 0.5 to 1.0 ml. of 3 N HCl at 120° for 8 hours 
in evacuated sealed tubes. The tubes were cooled to room temperature 
and carefully opened (19). The tops of the tubes were cut off and the 
hydrolysates were evaporated to dryness in vacuo over NaOH and H.SQ,. 
The evaporated residues were taken up in 0.2 ml. of water per mg. of cell 
wall. Excellent separation of the amino acids in the cell wall hydrolysate 
was obtained on ascending one-dimensional paper chromatograms run on 
Schleicher and Schill No. 507 paper, a completely miscible solvent system 
of water, glacial acetic acid, and n-butanol (30:15.5:55 by weight) being 
used. If the solvent is mixed in the order indicated and held below 20°, 
it will keep for several days without separation. The solvent front ad- 
vanced 25 to 30 cm. in 17 to 20 hours at 25°. After drying in air overnight, 
the chromatograms were dipped in a ninhydrin solution (0.1 per cent 
ninhydrin in 95 per cent acetone) (20), air-dried, and heated to 68° for 
10 minutes for color development. The spots were identified by ap- 
propriate reference standards and confirmation runs with several other 
solvent systems (see Table VIT). 


Results 


Relations between Optical Density, Dry Weight, and Nitrogen Content during 
Growth—Our previous experiments (4, 5) indicated that the relative optical 
density and the amino acid composition of S. faecalis remain constant 
throughout the exponential phase of growth, and that most of the essential 
amino acids are utilized and retained without metabolic losses. Therefore, 
the optical density level at which a given quantity of an essential amino 
acid has been removed from the medium could be determined from the rela- 
tive content of the particular amino acid in exponential phase bacteria 
(5). It was found that this optical density level, termed “depletion point,” 
coincides closely with the end of the exponential phase. 

Table II summarizes data on the optical density, dry weight, and nitrogen 
content of cells at different stages of growth, when cultured under conditions 
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of histidine (A) and valine (B) restriction. It is apparent that the post- 
exponential increase in optical density is accompanied by marked increases 
in dry weight but not by significant gains in cellular nitrogen. In these 
experiments optical density seems to increase far more than the dry weight. 


TABLE II 


Optical Density, Bacterial Dry Weight, and Nitrogen Content during Growth 
(Alcohol-Washed Cells) 


Change from depletion 
point 


ty! 


Restriction A, growth limited by L-histidine (13.5 K 10-* m) 


Nitro- 
gen 


hrs.* | AOD | vy perml. | y per ml. | per cent per cent per cent 
Exponential phase at deple- 
tion pointf.. .| 5.5) 500 190 25.6 
Phase of decreasing growth 
rate.. 585 223 26.6 | +17 | +17/| +4 
Stationary phase.. 775 232 26.6 | +55 | +22, +4 
Declining ‘“ ..............| 4 590 192 21.4 | +18) +1) —16 


Restriction B, growth limited by L-valine (103 K 10-* m) 


Exponential phase at deple- 

tion pointf.. 6.6) 775 303 40 
Phase of decreasing growth 

rate.. 930 346 41.3 | +20}; +14) +3 
Stationary phase... 1100 348 38.6 | +15| —4 
Declining ‘“ ..............| 40 1000 328 35.3 | +29; —12 


* Hours from inoculation at AOD 1; division time during exponential phase 0.6 


hour. 

t Calculated from the assimilation factors (millimicromoles per ml. per AOD) 
0.227 for histidine and 0.133 for valine; these differ somewhat from those reported 
previously (5), probably because of the omission of b-amino acids from the medium. 


In order to verify these findings and to study the fate of cellular amino 
acids during the postexponential optical density increase, new crops of 
exponential and valine-limited 17 hour cells were grown and analyzed. 
In these preparations only cold water was used for washing. The results 
are shown in Table III. Here, as in the experiments of Table II, the ex- 
ponential cells were harvested before the depletion point. Columns 1 and 
3, Table III, show the composition of the isolated bacterial substance, 
whereas Columns 2, 4, 5, and 6 refer to the total quantities contained in 
the cells present at the growth levels indicated by the AOD values of the 
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first line. The postexponential increase in dry weight is substantially 
larger than in the comparable experiment in Table II, and total nitrogen 
shows a gain of 10 per cent, which is about one-quarter of the density and 
weight increases. We attribute the lower values in Table II to the extrac- 
tion of various cellular components (free amino acids, nucleic acid deriva- 
tives) by washing with alcohol (21). 


TaBLeE III 
Analysis of Exponential and Valine-Limited Cells (Water Washed) 
Cha ge (from exponen- 
Exponential cells Stationary cells tial cells at depletion 
point to stationary cells) 
(1) (2) (3) (4) (S) (6) 
per cent AOD per cent AOD AOD per cent 
Optical density 775* 1100T 325 +42 
mg. per l. mg. perl. | mg. per l. 
Dry weight 310 430 +120 +39 
Total nitrogen 13.2 41 10.5 45 +4 +10 
Amino acidst{ 

Histidine 1.18 3.7 0.94 4.0 +0.3 +8 
Arginine 2.71 8.4 1.98 8.5 +0.1 +1 
Threonine 2.82 8.7 2.11 9.1 +0.4 +5 
Isoleucine 3.52 10.9 2.57 11.1 +0.2 +2 
Valine 3.92 12.1 2.72 11.7 —0.4 —3 
Leucine 4.11 12.7 2.96 12.7 0 0 
Lysine 4.9 15.2 4.8 20.6 +5.4 | +36 


* Depletion point. 

+ Harvesting point. 

t The average precision of these values, in terms of the average deviation of repli- 
cates from the mean, is about +0.06. 


Of the six essential amino acids examined, all but lysine show only minor 
changes after the end of exponential growth, but bacterial lysine increased 
nearly as much as optical density and dry weight. These observations 
suggested to us that the postexponential increase in cell substance involves 
formation of carbohydrate associated with the amino acid lysine. It be- 
came apparent that the cell wall substance of S. faecalis has these attributes 
(6-9). 

Rhamnose and Hexosamine Content of Cells—Both rhamnose and hexos- 
amine have been shown to be important constituents of the cell wall of 
streptococci (6-11, 22, 23). If the postexponential weight increases were 
the result of the formation of additional cell wall substance, this should 
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be reflected in corresponding increases in cellular rhamnose and hexosa- 
mine contents. According to the data of Table IV, both the ‘“‘non-limited” 
and the valine-limited stationary cells, but apparently not the lysine- 
limited cells, show such increases, of the order of 30 to 40 per cent. 


TABLE IV | 
Rhamnose and Hexosamine Content of Different Cell Types 
Stationary phase cells 
Exponential phase cells 
“‘Non-limited”’ Valine-limited Lysine-limited 
Crop No. Hexosamine |Crop No. Crop No.| Rhamnose |Crop No. 
7 per cent per cent per cent per cent per cent per cent 
1 3.6 3.9 4 4.6 6 5.0 7 3.7 
2 3.5 5 4.5 5.2 8 5.1 
3 3.5 


Crop numbers as in Table I. The precision of these determinations, in terms of 
the average deviation of replicates from the mean, is +0.1 to 0.2. 


EXPONENTIAL CELLS 
O50 @---@ STATIONARY CELLS 
uJ 
Qa 


25 


20 30 40 
MINUTES 
Fia. 1. Disruption of exponential and stationary cells. Abscissa, time of shak- 
ing; ordinate, soluble part of total cellular nitrogen. 


Study of Cell Wall Substance—In order to verify the presumed increase 
in cell wall substance, the mechanical disruption (14) of both exponential 
and stationary phase cells was studied. Fig. 1 shows that the share of the 
total nitrogen which remains insoluble is nearly twice as large in the valine- 
limited stationary cells as in the exponential ones, but that the time-course 
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of making bacterial substance soluble is essentially the same in both kinds 
of cells. Further confirmation was obtained when additional cell prepara- 
tions were tested by shaking with glass beads for 20 minutes (14), with the 
results shown in Table V. The nitrogen figures for the insoluble fractions 


TABLE V 
Mechanical Disruption of Cells 
Share of cellular nitrogen in Share of ab 
Cell crop* at 260 my in so ble 
Soluble fraction Insoluble fraction fraction 
per cent per cent per cent 
Exponential phase 
1 88 15 94 
2 89 11.5 96 
2 88 97 
3 90 16.5 95 
Average.. 89 14 96 
Average by difference. 11 
Stationary phase 
Valine-limited 
6 78 26.5 90 
8 79 22 92 
8 78 20 
‘‘Non-limited”’ 
4 80 21 91 
5 80 21.5 89 
5 81 92 
Average.. 79 22 91 
Average by difference. 21 
Lysine-limited 
7 81 17 94 


* Numbers as in Table I. 


are erratic but tend to confirm the more accurate values obtained on the 
soluble fractions. The absorption curve of the wall material was obtained 
directly on cell wall suspensions, and also calculated from the difference of 
the readings of the original cell suspension and the supernatant liquid 
obtained after disruption (14). The same type of smooth scatter curve 
as reported by Salton and Horne (24), without any indication of a peak at 
260 mu, was obtained by either procedure. Absence of an absorption peak 
at 260 my in the wall substance indicates that all of the cellular nucleic acid 
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substances are in the soluble fraction. The values of 89 to 97 per cent 
in the last column of Table V result from comparisons between the extine- 
tions of the clear soluble fractions and the total suspensions after disrup- 
tion, and therefore must be considered as minimal values because of non- 
specific absorption in the suspension (25). 


TaBLe VI 
Data Indicating That Growth after Depletion Point Is Due to Cell Wall Formation 


Gain (of valine-limited 


| stationary cells over 


| Exponential |Valine-limited | exponential cells at 
cells at deple- stationary pletion point) 
tion point cells 
| Amount Fraction 
mg. per l. per cent 
Whole cell substance | 
Optical density, AOD 775 
Weight, mg. per 1. 310 430 120 | 39 
Nitrogen, mg. per l. : 41 | 45 | 4 10 
Lysine, mg. per l. 15.2 | 20.6 | 5.4 36 
Rhamnose, mg. per l. 10.8 + Ba | 
Hexosamine, mg. per 1. | 2.1° | 22.4% | (10.3) (85) 
Wall substance | | | 
Nitrogen 
As fraction of wall, per cent 5.7 5.8 | 
As fraction of whole cell N, per — ll 21 | 
cent | | | 
As amount, mg. per l. | 4.5 9.5 5 111 
Weight | 
As fraction of whole cell (ealcu- 25.5 38 
lated), per cent 
As amount, mg. per l. 79 164 85 108 
Rhamnose | 
As fraction of wall, per cent 14 14 | 
As amount, mg. per l. 11.5 22 — 10.50 91 


* Value from ‘‘non-limited”’ stationary cells (see Table IV). 


The resulting wall preparations were analyzed for nitrogen and rhamnose 
content. For technical reasons their weight cannot easily be determined 
directly, but it can be calculated from the cellular nitrogen content (Table 
III), the insoluble share of the cellular nitrogen (Table V), and the nitrogen 
content of the wall substance. Table VI is assembled from the resulting 
data and, for comparison, relevant results of the analysis of whole cell 
substance. In addition, the wall preparations were investigated by 
chromatography of hydrolysates; the results are described in Fig. 2 and 
Table VII. It should be noted that the major cell wall amino acids of this 
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strain of S. faecalis include aspartic acid, in addition to glutamic acid, 
alanine, and lysine as found by other investigators (6-11). All preparations 
examined showed evidence for the presence of trace amounts of other 
amino acids. The consistency of their appearance in our preparations and 
in those of others (6-11) may indicate that they are not merely contami- 
nants. 

The amount of additional weight, nitrogen, rhamnose, and hexosamine 
found in the postexponential cells (Table VI) and the similarity of the 
increases, Whether obtained from the analysis of whole cell substance or 


Fig. 2. Paper of ail hydrolysates. W, cell wall from 
‘‘non-limited”’ stationary phase cells; 16 W, cell wall from exponential phase cells; 
ALL, mixture of lysine, glutamic acid, aspartic acid, and alanine; NO ALA, same 
without alanine; ASP, without aspartic acid; GLU, without glutamic acid; LYS, 
without lysine; G, with glucosamine. Solvent, water-acetic acid-n-butanol. 


wall, indicate that a large quantity of new wall substance has been formed. 
The similarity of the two types of wall preparation in nitrogen and rham- 
nose content, and the resemblances of the percentage gains of wall nitro- 
gen, wall weight, and wall rhamnose, together with the chromatographic 
results, suggest that the postexponential formation of cell wall substance 
is not accompanied by major changes in its composition. 

Autolytic Properties of Exponential Cells in Comparison with Lysine- and 
Valine-Limited Postexponential Cells—If cellular lysis upon lysine deple- 
tion is a consequence of the limited amount of cell wall substance possessed 
by exponential phase cells (see under **Discussion’’), the lysis phenomenon 
should not be confined to cells which have depleted the medium of lysine, 
but upon transfer to a lysine-free medium it should be exhibited by ex- 
ponential cells, whether or not they were grown in a lysine-limited medium. 


| 
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Fig. 3 summarizes the results of a series of experiments in which cells 
grown under specified conditions were transferred to other media. The 
exponential cells were grown in a non-limited medium to approximately 
AOD 600. In the growth of the lysine- and valine-limited cells the levels 


TaBLeE VII 
Chromatographic Identification of Cell Wall Components 
The solvents used were as follows: (a) phenol-isopropanol-water (70:5:25 by 
weight), (6) water-acetic acid-n-butanol (30:15.5:55 by weight), (c) methyl ethyl ke- 
tone-tert-butanol-water-formic acid (8:8:9:1 by volume), (d) methyl ethyl ketone- 
tert-butanol-water-diethylamine (8:8:9:1 by volume). One-dimensional runs in 
solvents (a) and (b) gave the following Rp values: 


Solvent (a) Solvent (5) 
Preparation 

Markers is W 16 W Markers 1s W 16 W 
Alanine........... 0.20 0.22 0.22 0.24 0.25 0.25 
Aspartic acid.....| 0.05 0.06 0.07 0.12 0.14 0.15 
Glutamic “ 0.11 0.10 0.10 0.19 0.20 0.21 
Lysine............| 0.06 0.06 0.07 0.07 0.07 0.08 
Glucosamine.....| 0. 0.10 0.10 0.10 0.12 0.12 


The markers were identified by single omissions from the mixture of four amino 
acids and glucosamine. Preparation 15 W represents the walls of stationary phase 
cells, 16 W those of exponential phase cells. Glucosamine was further identified 
by the lack of a ninhydrin-reacting spot after preheating the paper to 120° for 20 
minutes, and by one-dimensional chromatography in solvent (c), where its Rp was 
0.74, compared with 0.73 for both cell wall hydrolysates. Further evidence for the 
identity of the five principal constituents of the cell wall hydrolysates was obtained 
by two-dimensional small scale paper chromatography (26, 27) with two solvent 
pairs, viz. (A), solvent (6) in the first and solvent (d) in the second dimension; and 
(B), solvent (d) in the first and solvent (c) in the second dimension. In solvent pair 
(A) color differentiation of the ninhydrin spots aids in identification. The same 
color differentiation can be obtained with the other solvents by dipping the papers 
in a 5 per cent solution of cyclohexylamine or dicyclohexylamine in acetone (28) 
before ninhydrin color development. For the amino acids listed above this is par- 
ticularly valuable for the identification of aspartic acid (light blue). 


of the limiting amino acid used corresponded to depletion points of AOD 
600 to 700; the valine-limited cells were harvested after 20 hours of growth 
and the lysine-limited ones about 2 hours past the depletion point when the 
optical density had declined by 15 to 20 per cent. The cells were centri- 
fuged in the cold, washed once, and then resuspended in sterile water for 
redistribution to fresh valine- or lysine-limited medium. ‘The data show 
that in regard to lysis in lysine-free medium the exponential cells and the 
lysine-limited cells resemble one another and are unlike the valine-limited 
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cells. They differ, however, in their response to a valine-free medium. 
In the exponential cells a density increase of nearly 50 per cent occurs which 
we can now interpret as being due to cell wall synthesis (which does not 
depend on valine). However, the cells harvested some time after lysine 
depletion show a net decrease of nearly 30 per cent in the valine-free medium. 
Inasmuch as these cells decrease by 80 per cent in a lysine-free medium, 
they may respond to the valine-free medium by cell wall synthesis, but 
this response may be only a partial one because some of the cells are already 
irreversibly committed to lysis. 


EXPONENTIAL LYSINE LIMITED VALINE LIMITED 


CELLS CELLS CELLS 
| 
50 
za 
© 
WwW 
a 
50 


10 20 10 2( 10 20 


HOURS 
Fic. 3. Behavior of different cell types upon transfer to different media. A, 
valine-free medium; O, lysine-free medium. The ordinate represents AOD in per 
cent of the initial value, the abscissa hours of incubation at 38°. 


In order to explore this question further, a series of “lysine-limited” 
tubes was inoculated and incubated. At different periods, as lysis was 
beginning and as it progressed, individual tubes were supplemented with 
an additional portion of lysine which by itself would be capable of pro- 
ducing a maximal growth response of AOD 700. A net response of this 
magnitude should be obtained if the cells which have not yet lysed could 
be salvaged by a new supply of lysine. The results, presented schemati- 
cally in Fig. 4, revealed a steady decrease in the response potential of the 
remaining cells with progressive lysis, as shown by an increasing lag period. 
Furthermore, in the earliest stage of lysis the net response to supplemen- 
tation was of the expected magnitude, decreasing rapidly as lysis pro- 
gressed; as lysis approaches completion the net response tends to go up 
again, while the lag period continues to lengthen, presumably because of the 
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dwindling number of responsive cells. The experiments of Figs. 3 and 4 
differ in that the response of lysine-limited ceHs to lysine takes place in a 
valine-free medium in the one case and in the presence of valine in the 
other. In the former only cell wall formation, in the presence of valine 
exponential growth, is possible. The observations may reflect a rapid 
increase, after onset of lysine deficiency, in the proportion of cells irre- 
versibly committed to lysis. The process is being studied further. 

An aspect of the lysis phenomenon which should be mentioned here is the 
occurrence of a lysis-resistant variant which was obtained by subculturing 
lysine-limited growth tubes after autolysis. After several passages, 


1200 


1000 


800 
8 600 

400 


200 


HOURS 
Fic. 4. Response of cells which are lysing because of lysine depletion, to replenish- 
ment of the medium with lysine. In different tubes identical amounts of new lysine 
were added when the optical density had reached the levels indicated by arrows; 
see the text. 


characterized by decreasing rates of autolysis, a strain results which shows 
essentially no lysis. The properties of this variant, in terms of cell wall 
proportion and composition, remain to be studied. 


DISCUSSION 


The evidence presented indicates that the increase in optical density 
after the end of the exponential growth phase and after an essential amino 
acid is depleted from the culture medium is not due to balanced cellular 
growth but can largely be attributed to an increase in the amount of cell 
wall present per unit weight of cells. The substantiating data are sum- 
marized in Table VI. It may be noted that wall nitrogen, wall weight, 
and wall rhamnose all increase about 100 per cent. Analyses of the 
soluble (non-wall) substance showed practically no rhamnose. Reflecting 
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the specificity of rhamnose as a component of the wall, its percentage 
increase, obtained from analysis of the whole cell substance, resembles 
the increase obtained from the analysis of wall substance. The net gain 
in lysine (5.4 mg.) calculated as per cent of the net gain in wall substance 
(85 mg.) gives a value of 6.3 per cent for the lysine content of the wall. 
Ikawa and Snell (11) reported approximately 4.7 per cent lysine for S. 
faecalis wall substance, but their strain apparently differs from ours in that 
aspartic acid is not a major wall component. The net gain in cell wall 
nitrogen (5 mg.) seems to account fully for the gain in total cellular nitrogen 
(4 mg.), but it should not be overlooked that the estimated weight of the 
new wall substance (85 mg.) accounts only for about 70 per cent of the 
gain in whole cell substance. The cause of this discrepancy remains to 
be clarified. 

Although our data (Fig. 2, Tables VI and VII) are consistent in sug- 
gesting that the composition of the cell wall remains the same during its 
postexponential increase, minor changes such as those involved in anti- 
genicity are certainly not ruled out. 

According to the data of Table VI, dry weight and lysine increase ap- 
proximately in proportion to the increase in AOD, but the increase in 
nitrogen is much less. Accordingly, AOD, but not nitrogen, may be used 
as an approximate measure of the weight of cells per ml. of culture, at 
least through this part of the growth cycle. 

Autolysis in the absence of an adequate supply of lysine seems to be 
intimately related to the limited amount of cell wall substance possessed by 
exponential and _ lysine-limited postexponential cells. The observed 
doubling of the cell wall substance, with little increase in cytoplasmic 
substance, in the conversion of exponential cells to valine-limited stationary 
cells, may reflect the presence of more cell wall per surface area (7.e., a 
thicker or denser wall), but it could also reflect a difference in cell size. 
Halving of the cell diameter would double the surface to volume ratio, 
and the proportion of cell wall substance would double even if the amount 
per surface area remained the same. However, since electron microscopy 
of either the whole cells or the cell walls showed no major difference in the 
size of exponential and postexponential cells, the postexponential cells 
would seem to have more wall substance per area. It may well be that 
during the exponential growth phase the formation of new cell wall lags 
slightly behind cell division and that the weakest point is at the place of 
incipient division. Evidences for this are the hemispherical shells ob- 
tained by Mitchell and Moyle from autolyzed cultures (29) and the cy- 
tological studies of Bisset (30). When in exponential cells further wall 
synthesis is halted nutritionally (e.g. by lysine deficiency) or by a specific 
inhibitor of cell wall synthesis (e.g. penicillin) (31, 32), one apparently 
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obtains either the release of protoplasts or autolysis, depending upon the 
osmotic environment. Treatment of exponentially growing S. faecalis 
cells with penicillin causes autolysis which resembles that obtained under 
conditions of lysine limitation.? 

Autolytic phenomena have recently been studied by Mitchell and Moyle 
(29) and by Meadow, Hoare, and Work (33). The latter observed lysis 
upon depletion of diaminopimelic acid which is essential for cell wall 
synthesis in the Escherichia coli mutants studied. The former relate 
the production of protoplasts to autolysis. They found that rapidly 
growing cells were much more prone to the development of osmotic fragility 
than stationary phase cells. These same authors carefully point out that, 
unless practically no cell wall material is present, care should be taken in 
calling osmotically fragile bodies ‘‘protoplasts.”’ 

Since glutamic acid and alanine resemble lysine in being essential for 
growth and at the same time being components of the cell wall, their 
restriction may also be expected to give rise to lysis phenomena. Experi- 
ments with L-glutamic acid showed no evidence of lysis, but in the case of 
low levels of p-alanine (vitamin Be-deficient medium) initial growth was 
followed by lysis, which in turn was followed by a new wave of growth to 
a level which was stable and much higher than that of the initial response. 
Obviously, undisclosed factors, including adaptative processes (as shown 
above in the case of lysine), are involved in the lysis phenomenon. 

The stability of the over-all composition of the cell wall during the 
growth cycle is in good accord with the evidence reviewed by Cummins 
(34) which demonstrates that the composition of the cell wall is less de- 
pendent on cultural conditions than that of other cellular components in a 
particular species or strain. However, the change in amount of cell wall 
present per unit weight, with the age of the culture, may help to explain 
the wide variation (16 to 76 per cent of the cell weight) of the estimates of 
cell wall percentage in different species (35-38). Another contributing 
factor to these variable results may be the particular growth medium em- 
ployed, and our values of 26 per cent cell wall for the exponential phase 
cells and 38 per cent for stationary phase valine-limited cells may well be 
dependent on such factors. From the dependence of the extent of the 
optical density increase on the limitation of specific amino acids (3, 5) 
one might expect, for example, that threonine-limited cells, which show an 
optical density increase after the depletion point of nearly 100 per cent, 
would have an even higher percentage of wall substance than valine-limited 
cells. Such variations may have considerable influence on the function 
of the cell wall or cell wall components. Rigidity of the cells, resistance to 
environmental changes, as well as immunochemical properties may be 


? Phillips, P., Shockman, G. D., and Toennies, G., unpublished observations. 
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quantitatively affected. It may be well to keep changes of this kind in 
mind when applying the composition of the bacterial cell wall to bacterial 
taxonomy (34, 9). 

The generally greater sensitivity of physiologically young cells (39) 
to a variety of adverse conditions such as cold shock (40), osmotic salt 
treatment (41), heat (42), ultraviolet irradiation (43), and antibiotics may 
be attributed, at least in part, to differences in amount of cell wall. 


We would like to thank Mr. Jack Kelsch of the RCA Laboratories and 
Dr. Roger Simard and Mr. Alfred Baltz of the Atlantic Refining Company 
Research and Development Laboratories for their kind cooperation in 
preparing and observing specimens in the electron microscope. 


SUMMARY 


Cells of Streptococcus faecalis 9790, harvested in the exponential growth 
phase and in the postexponential states resulting from valine, histidine, 
or lysine depletion of the medium, were analyzed in terms of optical density 
of the culture, dry weight, nitrogen, and amino acid content, and in terms 
of the amount and composition of the cell wall. Among several amino 
acids studied, only lysine continued to be incorporated significantly into 
the cells after the depletion of valine. The accompanying increase in 
weight and optical density was accounted for, for the most part, by an 
approximately 100 per cent gain in cell wall substance, of which lysine, 
but not valine, is an essential component. As shown earlier, depletion of 
lysine is followed by autolysis. This process may be attributed to the 
prevention of postexponential cell wall synthesis, which requires lysine. 
The observation that exponential cells resemble lysine-limited cells in 
regard to autolytic propensity suggests that in the absence of continued 
renewal the amount of cell wall possessed by exponential cells is inadequate 
for their maintenance. No evidence was found for significant changes 
in the composition of the cell wall during its postexponential increase. 
The formation of a lysis-resistant variant of S. faecalis was observed. 
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THE FUNCTION OF VITAMIN A.IN METABOLISM 


II. VITAMIN A AND ADRENOCORTICAL HORMONES* 


By GEORGE WOLF, SHREEPAD R. WAGLE, RUSSELL A. VAN DYKE, 
anp B. CONNOR JOHNSON 
(From the Radiocarbon Laboratory and the Division of Animal Nutrition, University 
of Illinois, Urbana, Illinois) 


PLaTE 1 
(Received for publication, July 1, 1957) 


The data presented in the first paper of this series (1) clearly pointed to 
a block, caused by vitamin A deficiency, in a reaction between triose and 
glucose in glucose biosynthesis in the intact rat. In an attempt to test this 
hypothesis in a more readily definable system, rat liver homogenates from 
normal (pair-fed) and from severely deficient animals were compared in 
their ability to synthesize glucose. Fructose was chosen asa substrate, 
following the demonstration by Hers and Kusaka (2) and by Leuthardt 
et al. (3) that fructose, in liver, is readily converted to fructose 1-phosphate 
and hence to dihydroxyacetone phosphate and glyceraldehyde. Thus, 
fructose can serve as a source of triose and triose phosphate in liver, and 
glucose production from fructose should give an indication of a block in 
glucose formation from triose. However, no differences were observable 
in glucose formation in normal and vitamin A-deficient homogenates, nor 
was there any effect of the vitamin deficiency on oxidative phosphoryla- 
tion. 

After having demonstrated the absence of an enzymatic lesion as the 
cause of the impaired glucose production observable in the intact vitamin 
A-deficient rat, it was necessary to postulate an indirect action of the 
vitamin, possibly on the formation of a hormone controlling glyconeo- 
genesis. The striking similarity between the effect of adrenalectomy, as 
reported by Long (4), and that of vitamin A deficiency (1) on liver glycogen 
formation was noted. Long found that the ability to produce glycogen 
was impaired in adrenalectomy to a much greater extent from precursors 
such as malate, lactate, and glycerol than from glucose or fructose. Gly- 
coneogenesis could be restored by hydrocortisone administration. Simi- 
larly, Welt et al. (5) showed increased glyconeogenesis upon cortisone 


* This investigation was supported by a grant from the National Vitamin Founda- 
tion, Inc., and by the United States Atomic Energy Commission contract No. 
AT (11-1)-67 with the University of Illinois. Presented in part at the Forty-first an- 
nual meeting of the Federation of American Societies for Experimental Biology at 
Chicago, April, 1957. 
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treatment in the intact rat. Ershoff (6) suggested the possibility of a 
deficiency in adrenocortical hormones caused by vitamin A deficiency, and 
Popper and Greenberg (7) showed that the adrenal cortex contained a high 
concentration of vitamin A, but only in the zona fasciculata, that layer 
which is surmised to be the source of the glucocorticoid hormones (8, 9). 
Lowe et al. (10) observed a depletion in phospholipide content in that layer 
in vitamin A-deficient animals, suggesting some disturbance in their 
glucocorticoid hormone secretion. Experiments were therefore under- 
taken to test the hypothesis that vitamin A is required for the normal 
production of these hormones. 


EXPERIMENTAL 


The animals used, and their diet, were identical with those described 
previously (1). For the studies in vitro, animal pairs (normal and deficient, 
the rats having been pair-fed from weaning) were used about 2 weeks after 
onset of deficiency symptoms, when death from the deficiency could be 
expected to occur within a few days. The method used to study conversion 
of fructose to glucose was adapted from that of Cori et al. (11). The rat 
pairs were starved for 24 hours prior to the experiment and then killed, 
their livers were perfused with ice-cold 0.9 per cent NaCl solution and ex- 
cised, and each was separately homogenized with 3.3 volumes of 0.9 per 
cent KCl solution for 2 minutes in a loose fitting glass Potter-Elvehjem 
homogenizer, filtered through gauze, and dialyzed at 4°, in separate tanks, 
against 12 liters of 0.4 per cent KCl solution. The homogenate, with ap- 
propriate additions (Tables I and II), was incubated with shaking in an 
atmosphere of oxygen at 38° for 2 hours. The reaction was stopped, and 
protein and organic phosphates were precipitated by the addition of 1 ml. 
of saturated Ba(OH): solution, followed by an equivalent amount of 5 per 
cent ZnSO, solution. The precipitate was removed by centrifugation, 
washed, and recentrifuged, and the supernatant solution and washings 
were combined and diluted with water to6 ml. Aliquots of 0.05 ml. were 
withdrawn for simultaneous analysis for the remaining fructose and newly 
formed glucose by the anthrone method (12). A blank incubation (with- 
out substrate) was always included to correct for endogenous glucose, the 
amount of which was subtracted to give the glucose values shown in Tables 
I and II. For a radioactivity assay, an aliquot of 0.1 ml. was paper 
chromatographed on Whatman No. 1 filter paper by double descent (total 
length traversed, 90 cm.) in a butanol-pyridine-water (6:4:3) mixture. 
Two separate peaks of radioactivity were obtained, as revealed by the pa- 
per strip radioactivity scanner (Actigraph, Nuclear Instrument and Chem- 
ical Corporation, Chicago, Illinois), corresponding to glucose (Ry 0.40) and 
fructose (Rr 0.43). They were eluted and assayed for radioactivity in an 
internal gas flow counter (1). 
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The ratio of inorganic phosphate disappearance to oxygen consumption 
(P:O ratio) was determined with isolated liver.mitochondria by the method 
of Copenhaver and Lardy (13), with livers of normal (pair-fed), depleted, 
and vitamin A-deficient rats. The depleted rats had been on the deficient 
diet for approximately 2 weeks and were used at a time when weight gain 
had ceased for 3 days. Oxygen consumption was measured by the conven- 
tional Warburg technique; inorganic phosphate was determined by the 
method of Fiske and Subbarow (14). 

For the whole animal experiments, the usual pairs (normal and deficient, 
pair-fed from weaning) were used and starved for 24 hours before isotope 
injection. The rats were killed 4 hours after receiving the radioactive 
compounds. Liver glycogen was isolated and assayed for radioactivity 
as previously described (1). Adrenocorticotropic hormone (ACTH) 
(Armour and Company, Chicago, Illinois) was injected intraperitoneally 
for 9 days (0.04 mg. per day dissolved in saline) prior to the experiment, as 
indicated in Table VI. The authors are grateful to Mr. 8S. F. Marotta 
for aiding with the adrenalectomies. 

For the time study of the development of vitamin A deficiency, rats were 
started on the normal or deficient diets after weaning. Animals were 
killed at the times indicated 4 hours after the usual isotope injections, liver 
glycogen was isolated and assayed for radioactivity, and the adrenals were 
removed, fixed in formal-calcium, and treated with dichromate-calcium. 
The cortex was sectioned in the frozen state and stained with acid hematein 
(15). 


RESULTS AND DISCUSSION 


Table I shows that good yields of glucose were obtainable from fructose 
with a homogenate system similar to that described by Cori et al. (11), 
except for the increased concentration of Mg++. As shown, no significant 
differences in glucose formation could be detected between the normal and 
deficient homogenates. Similar results were obtained when radioactive 
fructose was used and radioactivity incorporation into glucose was meas- 
ured, and when normal fructose was used and the formation of glucose 
measured colorimetrically. A greatly lowered amount of adenosine tri- 
phosphate (ATP) had little effect on glucose formation, although no 
glucose was produced in the absence of ATP. Some differences were 
noted in the absence of glutamic acid, though they cannot be considered 
large enough to account for the effect observable in the intact rat. 

On working over a shorter part of the reaction sequence towards glucose 
formation, no differences could be detected in glucose production from 
fructose 1,6-diphosphate and from fructose 6-phosphate in normal and 
deficient rat liver homogenates (Table II). Since, as will be shown below, 
depression in glucose production in the intact vitamin A-deficient animal 
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is caused by insufficiency in cortisone or other glucocorticoid hormone, it 
is of interest to note that there is no inactivation of liver fructose-1 ,6- 
diphosphatase. Glucose is formed normally from fructose | ,6-diphosphate 
in the deficient homogenate (Table II). Mokrasch et al. (16) had shown 
that cortisone administration increased the amount of liver fructose-1 ,6- 
diphosphatase; it is clear from the present work that deficiency in cortisone 
does not decrease the amount of this enzyme. 


TaBLe I 
Glucose Formation from Fructose in Liver Homogenates 

1.5 ml. of liver homogenate were incubated with 0.6 ml. of buffer solution which, 
for the complete system, contained 55 wmoles of KH2PO,, 25 umoles of MgSO,, 27.8 
umoles (13.9 wmoles for Incubation 16) of fructose, 68 wmoles of glutamic acid; pH 
adjusted to 7.1. In addition, either 0.1 ml. (10 wmoles) or 0.01 ml. (1 wmole) of a 
solution of the sodium salt of adenosine triphosphate was added. For the radio- 
active experiments, radioactive fructose (650,000 c.p.m., specific activity 3.88 K 10° 
c.p.m. per umole) was also added. 


Fructose recovered Glucose formed 
7 Glu- Glucose yield 
= | ATP | tamic | Normal liver | Deficient liver | Normal Liver | Deficient liver 
added 
Weight | tivity | Weight Weight | Weight liver" lent live 
pmoles pmoles 08 pmoles 10" pmoles 103 pmoles 108 per cent per cent 
10) 10 + 22.0 20.3 9.4 8.5 33.8 | 30.6 
8 10 + 22.6 25.2 6.3 5.7 22.6 | 20.5 
10 | 10 + 432 444 218 176 | 33.6 | 27.2 
15 1 + 22.2 16.7 5.4 5.6 19.5 | 20.1 
16 1 + 483 433 167 216 | 25.7 | 33.3 
14 10 - 22.0 23.0 3.5 1.4 12.6; 6.1 
15 | 10 _ 21.4 18.1 8.9 3.6 32.0 | 12.9 
16 | 10 _ 396 438 254 212 | 39.1 | 32.6 
14 1 —_ 22.6 22.7 0 0.8 0 2.9 


The authors are indebted to Dr. C. 8. Vestling and Dr. W. G. Robinson for the 
gift of radioactive fructose. 


Table III demonstrates that oxidative phosphorylation in liver is not 
affected by vitamin A deficiency in either mildly or seriously affected 
animals. The values obtained for ratios of inorganic phosphate disap- 
pearance to oxygen consumption agree well with those reported by others 
for normal animals (13, 17). This observation is in line with that of Bou- 
man and Slater (18), who were unable to detect any vitamin A in their, 
albeit non-phosphorylating, mitochondrial particles. 

Summarizing the experiments in vitro, one can conclude that no enzyme 
system in glucose synthesis, between triose and glucose, is affected by vita- 
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min A deficiency and that there is no shortage of high energy phosphate 
or phosphorylating power. The slightly lowered glucose production in 


TABLE II 
Glucose Formation from Fructose Phosphates in Liver Homogenate 


1.5 ml. of rat liver homogenate were incubated with 0.6 ml. of buffer solution as 
described in Table I, except for the absence of fructose, glutamic acid, and ATP. 
Instead, 0.1 ml. (10 wmoles) of a solution of either fructose 1,6-diphosphate or fruc- 
tose 6-phosphate (both from the Nutritional Biochemicals Corporation, Cleveland, 
Ohio) was added. 


Glucose formed 
Substrate used Normal liver Deficient liver 
Amount Yield Amount Yield 
pmoles per cent pmoles per cent 
Fructose 1,6-diphosphate...... 8.34 83.4 8.34 83.4 
- 6-phosphate......... 4.45 44.5 3.89 38.9 


TaBLe IIL 
P:0 Ratio Determination 


The following components were pipetted into Warburg flasks: 0.1 ml. of 0.25 m 
KF (25 uwmoles), 0.1 ml. of 0.6 m glutamate (60 uwmoles) (pH 7.3), 0.1 ml. of 0.4 m 
KH:2PO, (40 umoles) (pH 7.3), 0.1 ml. of 0.15 m MgSO, (15 uwmoles), 0.1 ml. of 0.003 m 
cytochrome c (0.03 umole), 0.1 ml. of 0.06 aw ATP (6.0 umoles), 0.5 ml. of mitochondrial 
suspension, 0.1 ml. of 0.01 M malonate (1 umole) (pH 7.3), 0.95 ml. of isotonic KCl 
(142.5 umoles). The following were pipetted into the side arms: 0.1 ml. of 0.5 m 
glucose (50 wmoles), 0.25 me. of hexokinase (10 mg. per ml.). 0.2 ml. of 20 per cent 
KOH on filter paper was used to absorb CO,. Samples were taken for phosphate anal- 
ysis at zero time. Incubation was carried out for 15 minutes at 30°. Two separate 
determinations, from two rats, were done for each category. 


O: uptake Phosphate consumption Ratios, O 


4 O2: readings A Oz mean AP readings | A P mean Separate Mean 


patoms patoms pmoles pmoles 
Normal.......... 4.2, 4.4 4.3 (13.10, 14.08) 13.59 | 3.12, 3.20 | 3.16 
Depleted......... 4.5, 4.8 4.65 (13.55, 14.64) 14.09 | 2.99, 3.05 | 3.02 
Deficient......... 4.4, 4.65 | 4.52 (12.58, 12.67| 12.61 | 2.86, 2.94 2.90 


the absence of glutamate in the deficient homogenate may be interpreted 
as indicating a slight drop in reducing power (reduced di- or triphospho- 
pyridine nucleotide). 

Searching for an indirect effect of vitamin A deficiency on glucose syn- 
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thesis, attention was focused on the glyconeogenesis-stimulating hormones 
of the adrenal cortex. In a test of the hypothesis that vitamin A may be 
affecting glucose synthesis through its prior influence on glucocorticoid 
hormones, the experiment illustrated in Table IV was undertaken. It 
shows that, as found previously (1), incorporation of radioactivity from 
acetate into glycogen is severely inhibited in the vitamin A-deficient rat. 
Cortisone treatment was now found to reverse this condition completely. 
That this is not an effect on glycogen deposition but on glucose production 
was shown, as before, by injection of glucose-C™. In further confirmation 
of the hypothesis that vitamin A is required for the formation of a cortical 
hormone, a set of vitamin A-deficient rats was adrenalectomized to deter- 


TABLE IV 
Glycogen Formation and Cortisone Treatment 
The rats were treated with cortisone acetate (Merck and Company, Rahway, 
New Jersey), (5 mg. per day) for 4 days, where indicated, then given 300 mg. of non- 
radioactive glucose, and, after 30 minutes, 7.5 X 10* c.p.m. of radioactive compound 
intraperitoneally. 


Weight of rat of liver activity | — of 
Compound injected Rana 

t Defi- Defi- Defi- ‘ 

ment | Normal] | Normal] | Normat| | Normal | Defi: 

gm. gm. mg. | mg. om =. c.p.m. | 
Acetate-1-C"™ a 143 116 | 252.0) 67.5 |118.2 | 40.2) 28,800) 2,540 
2 + 146 110 | 267.0) 83.5 | 79.0 | 292.0) 21,100) 24,400 
Glucose-1-C™ -- 146 111 | 285.0) 63.0 |426.0 |1610.0)121 , 200/101 , 200 
+ | 137 | 99 237.0} 77.5 |527.4 000 


mine whether, in the absence of the adrenals, vitamin A would or would 
not retain its activity in glucose synthesis. As shown in Table V, the 
vitamin A-deficient, adrenalectomized rat, when given vitamin A, is still 
unable to incorporate radioactivity into glycogen, but, when given corti- 
sone, even in the absence of vitamin A, can produce glycogen normally. 
Of course, without vitamin A and cortisone, no glycogen is formed, and, 
with both, glycogen formation is unimpaired. The rats were almost 
instantly reponsive in their appetite, weight gain, and appearance to 
vitamin A treatment, though much less so to cortisone treatment. These 


results would then be completely consistent with a function of vitamin A 
through the adrenal cortex. 

It was necessary, at this point, to eliminate the possibility that vitamin 
A deficiency and cortisone treatment might influence glyconeogenesis by 
opposite, but independent, and separate mechanisms. This was achieved 
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by an experiment with ACTH instead of cortisone treatment. If vitamin 
A deficiency does indeed, as postulated, produce ‘chemical adrenalectomy,” 


TABLE V 
Glycogen Formation, Adrenalectomy, and Cortisone Treatment 
The rats were all vitamin A-deficient. They were adrenalectomized 5 days prior 
to injection of 7.5 X 10° c.p.m. of acetate-1-C™. Those receiving vitamin A were 
given it 5 days prior to injection in amounts as described (1). 300 mg. of non-radio- 
active glucose were injected 30 minutes before acetate-1-C™. 


: Weight of S c Total 
gm. gm. gm. meg. ¢.p.m. per mg. c.p.m. 
a - + 55 61 +6 60.5 63.0 3,811 
- + - 75 73 —2 72.5 | 306.0 | 22,140 
—_ — - 77 61 —16 55.0 45.0 2,475 
+ 75 89 +14 206 .0 102.0 21,012 
+ — - 84 80 —4 72.0 61.0 4,231 


*+ = present; — = absent. 


TasBLe VI 
Glycogen Formation and ACTH Treatment 


Vitamin A-deficient and normal rats were treated with ACTH for 9 days after 
adrenalectomy where indicated, then given 300 mg. of non-radioactive glucose and, 
after 30 minutes, 8.0 X 10° c.p.m. of acetate-1-C™. 


Adre- | ACTH | vitamin A | Initial | Final | Weight | Weight of 
Rat No. | — status weight | weight | difference liver liver 
gm. | gm. gm. me | 
1 — + + 182 | 205 +23 134.6 16.3 2,200 
2 + + _ 111 76 —35 36.9 24.9 920 
3 + + Slightly 156 | 145 —I11 88.7 52.4 4,640 
deficient 
4 + + + 190 | 207 +17 249.5 60.6 | 15,120 
5 + + + 193 | 217 +24 147.0 52.8 7,760 
6 + - + 159 179 +20 155.6 60.2 9 ,360 


*+ = present; — = absent. 


then ACTH, which is known normally to cause increased secretion of the 
glucocorticoid hormones, should fail to do so in vitamin A deficiency and, 
therefore, not restore glyconeogenesis to normal. If, on the other hand, 
vitamin A deficiency depresses glyconeogenesis by one mechanism and cor- 
tisone treatment raises it by another, then ACTH should increase glyconeo- 
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genesis even during the vitamin deficiency. The results shown in Table 
VI clearly demonstrate that vitamin A deficiency actually destroys gluco- 
corticoid hormone production. Incorporation of labeled acetate into 
liver glycogen was lowered by vitamin A deficiency (Rat 2, Table V1), as 
much as by surgical adrenalectomy (Rat 1), in spite of simultaneous ACTH 
treatment in both cases. That this treatment raises incorporation of 
labeled acetate into glycogen, presumably by glucocorticoid hormone 
stimulation, is shown in Rats 4 and 5. 

In another experiment (Table VII) adrenalectomized weanling rats were 
put on either cortisone treatment or vitamin A diet for 32 days. As can 
be seen, in the absence of the adrenal glands and without cortisone, but 


TaBLeE VII 
Glycogen Formation and Adrenalectomy in Weanling Rats 
The rats were adrenalectomized where indicated at weaning. They were given 
vitamin A in the diet in amounts as described (1) or alternatively given cortisone 
intraperitoneally (5 mg. per day). After 32 days they received 10.0 K 10° c.p.m. of 
acetate-1-C'™, 30 minutes after receiving 300 mg. of non-radioactive glucose. 


Specifi Total 

Adrenatg* | Cortisone |Vitamin A| Initial | Final | weight | Weight of | attivity | activity 
treatment | treatment] weight weight gain of liver of liver 
glycogen | glycogen 

gm gm. gm. meg. C.p.m. per mg. c.p.m. 
sik ae 36 120 +84 187.0 96.4 18 ,020 
_ + _ 38 94 +56 62.5 2040 127 ,500 
+ — 40 122 +82 203 .0 669 135 , 900 

*+ = present; — = absent. 


with the administration of vitamin A, the rat grew normally and showed 
no symptoms of the deficiency, except in the impairmen of glucose synthesis. 
On the other hand, the animal receiving no vitamin A, but treated with 
cortisone, lost weight and came down with xerophthalmia and all the 
other symptoms of the deficiency, but produced glucose normally. It is 
possible to conclude therefore that vitamin A is required for glucocorticoid 
synthesis in a way which is independent of its function in the rest of the 
organism. However, it is more rational to conclude that vitamin A does 
not, in fact, function through its influence on cortical hormone synthesis 
at all, but rather that vitamin A deficiency leads to a degeneration of certain 
cells and tissues, including those of the adrenal cortex, and hence to a 
deficiency in glucocorticoid hormones. The histological data described 
below will bear out this hypothesis. 

A time study was undertaken in which a set of weanling rats, fed a 
vitamin A-deficient diet and pair-fed with a set of normal control rats, were 
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injected with radioactive acetate at different stages of the deficiency and 
killed 4 hours after the isotope injection. As shown in Table VIII, no 
depression in glyconeogenesis appeared after feeding the deficient diet for 2 
weeks (Pair 1). A loss in the ability to synthesize glucose to the extent of 
about 40 per cent was observed at a time when the weight gain curve had 
just begun to flatten (Pair 3, Table VIII). Almost complete loss of glyco- 
neogenesis occurred only 2 days after weight loss had set in, before any other 


Taste VIII 
Gross Symptoms and Glycogen Biosynthesis in Vitamin A Deficiency 


Rats started at 45 gm. Pair-fed rats gained an average of 5 gm. per day. Before 
killing, the rats were injected with 6 X 10° c.p.m. of sodium acetate-C™, 30 min- 
utes after receiving 250 mg. of non-radioactive glucose. Rats killed 4 hours after 
isotope injection. 


, Weight of liver | Specific activity| Total activity 
Final weight glycogen _jof liver glycogen of liver glycogen 


Pair No.| Condition of deficient rat 


Defi- Defi- 
Normal Normal cient 


gm. gm. | per mg.\per me. 
1 Normal weight gain, | 118 | 110 | 370.8) 358.6; 117 118 /43,500/42,300 
no symptoms 
2 Normal weight gain, | 114 107 | 300.5/| 243.3; 140 | 154 /|42,200'37,600 
no symptoms 
3 Little weight gain, | 120 | 101 | 158.6/130.9; 71 54 
no symptoms 
4 Weight loss (2 days), | 108 98 | 135.7) 61.3} 89 33 |12,090) 203 
29 
0 


no symptoms 
5 Severe weight loss, | 126 99 | 137.8| 80.8) 83 
xerophthalmia 
6 Severe weight loss, 89 68 | 108.6; 91 


severe symptoms 


symptoms became apparent (Pair 4). Histologically, this sequence was 
paralleled by a decrease in phospholipide in the zona glomerulosa, leading 
ultimately to the situation described by Lowe et al. (10). Figs. 2, 3, and 4 
show sections of the adrenal cortex stained for phospholipide (15) from the 
deficient animals of Pairs 1, 3, and 6 (Table VIII). It can be observed 
that, in the normal cortex (Fig. 1), there is no phospholipide-staining mate- 
rial in the zona glomerulosa. At a time (2 weeks) before vitamin A defi- 
ciency had set in even before glyconeogenesis was depressed, phospholipide 
appeared in the zona glomerulosa and began to disappear in the zona 
fasciculata (Fig. 2), revealing a disturbance or degeneration in those cells 
concerned with the production of glucocorticoid hormones (8, 9). This 
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process became more pronounced as the deficiency proceeded (Fig. 3) 
until, in severe deficiency, there was no phospholipide in the zona fascicu- 
lata, whereas the zona glomerulosa stained heavily for it (Fig. 4). 

It is of importance to note that the stage in vitamin A deficiency at which 
depression of glyconeogenesis takes place is an early one, when weight gains 
begin to drop, a time known to coincide with the depletion of liver vitamin 
A stores (7). It has now been shown that a disorder in the cells of the 
adrenal cortex precedes thisevent. Lowe et al. (10) demonstrated histologi- 
cally that young rats kept on a diet marginal in vitamin A, sufficient for 
growth but not for storage, already showed signs of this disturbance in 
the adrenal cortex. It can therefore be concluded that vitamin A defi- 
ciency leads to partial chemical adrenalectomy, a consequence of which 
is the disturbed glucocorticoid hormone formation or secretion, and there- 
fore depression of glyconeogenesis. | 


It is a pleasure to acknowledge the helpful advice and stimulating discus- 
sions throughout the course of this work, for which the authors are indebted 
to Dr. J. Larner. 


SUMMARY 


The severe depression in glucose biosynthesis from triose observed in the 
intact vitamin A-deficient rat was not found in liver homogenates from 
deficient rats nor was oxidative phosphorylation affected. 

Depression of glyconeogenesis in the intact vitamin A-deficient rat was 
reversed by cortisone treatment, and in vitamin A-deficient, adrenalecto- 
mized rats cortisone could, whereas vitamin A could not, restore glyconeo- 
genesis to normal. Glyconeogenesis remained depressed in vitamin A 
deficiency, as much as after adrenalectomy, despite simultaneous adminis- 
tration of the adrenocorticotropic hormone. 

When adrenalectomized weanling rats were put on a vitamin A diet or on 
cortisone treatment without vitamin A for a month, then those rats receiv- 
ing vitamin A but no cortisone were normal in all respects except for 
impaired glyconeogenesis; the vitamin A-deficient rats receiving cortisone, 
on the other hand, showed all deficiency, symptoms except for normal gly- 
coneogenesis. A time study showed that glyconeogenesis is depressed at a 
very early stage in vitamin A deficiency, at a point where weight gains de- 
crease. It was demonstrated histologically that there is a disturbance in 
those adrenal cortex cells producing glucocorticoid hormones, even before 
glyconeogenesis depression occurs. It was concluded that vitamin A de- 
ficiency leads first to a degeneration of those cells and only secondarily to 
a depression in glyconeogenesis, through impaired glucocorticoid hormone 
production. 
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EXPLANATION OF PLATE l 


Sections of adrenal cortex of normal and vitamin A-deficient rats stained with 
acid hematein and enlarged 112 X to show the zona fasciculata (f) and the zona 
glomerulosa (g). Fig. 1, normal cortex. Fig. 2, cortex after 2 weeks of deficiency, 
no symptoms (Table VIII, deficient rat of Pair 1). Fig. 3, cortex after weight loss 
set in (Table VIII, deficient rat of Pair 3). Fig. 4, severe deficiency (Table VIII, 
deficient rat of Pair 6). 


PLATE 1 
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VALINE METABOLISM AND PENICILLIN BIOSYNTHESIS* 


By CARL M. STEVENS ann CHESTER W. DE LONG 


(From the Fulmer Chemical Laboratory, State College of en 
Pullman, Washington) 


(Received for publication, July 11, 1957) 


Convincing evidence has already been presented by Arnstein and Clubb 
(1) and from this laboratory (2) that either p-valine or L-valine added to 
penicillin-producing cultures of Penicillium chrysogenum is extensively 
incorporated into the penicillin molecule, becoming the carbon skeleton 
of the p-penicillamine moiety. When the rate of uptake of the two isomers 
into penicillin was measured over relatively short periods of time (2), it 
was found that, whereas L-valine is rapidly incorporated, there is a con- 
siderable time lag before the maximal rate of incorporation of D-valine is 
reached. More recently (1), the rates of disappearance of the labeled 
carbon of p- and L-valine from the medium have been measured, and the 
uptake of the latter has been shown to be much more rapid. Also, Demain 
(3) has reported an inhibition of penicillin formation by added p-valine. 

Experiments have also been made on the utilization of valine nitrogen 
for penicillin biosynthesis (1, 4). Under the conditions used, the turn- 
over of valine nitrogen was great, though in one experiment the incorpora- 
tion of valine nitrogen into the penicillamine portion of the molecule was 
significantly greater than into the penaldate moiety. 

The experiments described in the present paper provide additional 
evidence on the mode of utilization of p- and L-valine and on the relation- 
ship of valine metabolism to the biosynthesis of penicillin. 


Methods and Results 


Most of the experimental procedures used have been described previously 
(2). Additional methods will be included with the presentation of the 
results obtained by their use. 

C-Carboxyl-labeled pL-valine was obtained from the Isotopes Specialties 
Company, Glendale, California, and was resolved by the general technique 
of Wood and Gutmann (cf. Stevens et al. (2)). Acetate-1-C' was obtained 
from the same source. $-Hydroxy-pL-valine was prepared as described 
previously (5), a-ketoisovaleric acid by the method of Ramage and Simon- 


* This work was supported in part by funds for biological and medical research, 
State of Washington Initiative Measure 171, and in part by Research Grant E-1111 
from the Institute for Allergy and Infectious Diseases, National Institutes of Health, 
United States Public Health Service. 
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sen (6), a,8-dihydroxyisovaleric acid by the method of Sjolander et al. (7), 
and 8,8-dimethylacrylic acid by the procedure of Smith et al. (8). 

N}-labeled L-valine was prepared by catalytic reduction of a-ketoisova- 
leric acid in the presence of N'H; (4), followed by conversion of the 
racemic amino acid to the chloroacetyl derivative and treatment with hog 
kidney acylase (9). L-Valine was recovered by ion exchange chromatog- 
raphy (10) and the product recrystallized from aqueous ethanol. 

In previous work (2) it was established that addition of C'*-labeled 
L-viline at a level of 0.1 to 0.2 mg. per ml. to a penicillin-producing culture 
resulted in a relatively large incorporation of C' into penicillin in the first 
6 hours, and much less in the subsequent 6 hours, whereas the exact reverse 
Was true when the p isomer alone was added. When both were added 
simultaneously, the utilization of the p isomer was still further depressed, 
but only in the first 6 hours. 

One possible explanation of these results is that L-valine is much more 
rapidly removed from the broth than is p-valine, and Arnstein and Clubb 
(1) have recently reported evidence of this. In our experiments, valine 
was recovered from samples of broth after 6 and 12 hours from the time 
of addition of p- or L-valine. The general ion exchange chromatographic 
methods of Moore and Stein (11) were used. A column (2 X 100 cm.) 
of Dowex 50 in the hydrogen form was washed with 2.5 n hydrochloric 
acid. The samples of broth were evaporated to dryness in vacuo and dis- 
solved in 1 to 2 ml. of 2.5 nN hydrochloric acid, and the solution was placed 
on the column. The column was then developed at room temperature 
with 2.5 n hydrochloric acid, fractions of approximately 10 ml. volume 
being collected. Aliquots of appropriate fractions were analyzed by the 
quantitative ninhydrin procedure after removal of hydrochloric acid in 
vacuo. <A second set of aliquots was evaporated to dryness on planchets 
and radioactivity determined. Control experiments were run to establish 
the performance of the columns. 

The mycelial pads collected from these broth samples were washed, 
dried at 50°, weighed, ground, and subjected to hydrolysis at reflux tempera- 
ture under nitrogen in 10 volumes of 6 N hydrochloric acid for 14 to 16 
hours. The hydrolysates were filtered, the filtrates evaporated to dryness 
in vacuo, the residues dissolved in 1 to 2 ml. of 2.5 N hydrochloric acid, and 
the samples chromatographed as before. 

Representative results of such experiments are shown in Fig. 1, in which 
broth and mycelial hydrolysate have been analyzed 6 hours after the 
addition of C'-carboxyl-labeled p-valine to the culture. In the mycelial 
hydrolysate, valine appears to be the only ninhydrin-positive material 
in this region of the chromatogram, although in broth there appears to be 
some other ninhydrin-positive but non-radioactive material in the same 
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region as valine. For this reason, the total valine recovery from broth, as 
calculated from the ninhydrin color, will be somewhat high. However, 
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FRACTION NUMBER 
Fic. 1. Chromatography of broth and acid-hydrolyzed mycelium from a 78 hour 
culture to which C'*-carboxyl-labeled p-valine had been added at 72 hours. The 
column of Dowex 50, 2 * 100 em., was developed with 2.5 N hydrochloric acid. Only 
the region of the valine peak is reproduced. O, ninhydrin color values for mycelial 
hydrolysate; A, radioactivity of mycelial hydrolysate; @, ninhydrin color values 
for broth; A, radioactivity of broth. 


TABLE I 
Isolation of Valine from Mold Mycelium and Culture Filtrate 
Labeled valine was added after 72 hours fermentation. The valine possessed a 
specific activity of 3200 ¢.p.s. per mg. 


Sample chromatographed | 
mg. hrs. C.p.s. per mg. 
6.2 (L) Broth 6 23 1190 
6.2 6 859 657 
6.2 12 94 238 
6.2 (L) Mycelium 6 2970 250 
6.2 (p) - 6 3120 227 


as can be seen in Table I, the data demonstrate clearly that added L- 
valine had almost completely disappeared from the medium in 6 hours, 
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whereas a considerable amount of free valine still remained in the medium to 
which p-valine had been added. After 12 hours, this also had virtually 
disappeared. Determinations of total C™ in these media indicated that 
no other radioactive compounds were present in sizable amounts. 

The samples of mycelium analyzed after 6 hours incubation with C™- 
labeled valine contained a considerable amount of labeled valine. In 
both cases, the specific activity of mycelial valine is approximately 6 to 8 
per cent of that of the valine added. Direct combustion of other portions 
of the dry mycelium permitted the estimation of total C™ contents equiva- 
lent to 1080 c.p.s. for the p-valine experiment and 950 c.p.s. for the L- 
valine experiment. Since the total C™ contents of the valines recovered 
were equivalent to 707 and 753 c.p.s., respectively, it can be calculated 
that, in the case of added L-valine, some 80 per cent of the radioactivity of 
the mycelium can be accounted for as valine. When p-valine is added to 


TaBLeE II 
Configuration of Valine Recovered from Mold Mycelium 
The samples analyzed are those described in Table I. 


Radioactivity in resolved mycelial valine 
Configuration of valine added to 
culture 
As t-valine As p-valine 
C.p.s. C.p.s 
D 344 26 
L 362 20 


the culture, 65 per cent of the radioactivity of the mycelium, harvested 
after 6 hours, is due to valine. 

The configuration of valine recovered from mycelial hydrolysates was 
next investigated. Appropriate chromatographic fractions were com- 
bined and evaporated to dryness. To aliquots of each was added a known 
weight of non-labeled p-valine or L-valine. The samples were then crys- 
tallized several times, and the C content determined by treatment with 
ninhydrin and collection of the carbon dioxide evolved. As indicated from 
the data of Table II, the mycelial valine is predominantly of L configura- 
tion, even when p-valine has been added to the culture medium. 

Since the addition of acetate-1-C™ to cultures of yeast or Neurospora 
results in the labeling of valine almost exclusively in the carboxy] group 
(12), a study of acetate utilization in Penicillium should permit further 
examination of the relationship of valine metabolism to penicillin bio- 
synthesis. For comparative purposes the utilization of acetate-1-C" 
in the presence and absence of added L-valine was determined. Two 50 
ml. cultures each received at 60 hours 40 mg. of sodium acetate containing 


ith 
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approximately 0.15 mc. of C'*. To one flask were added 6.2 mg. of L-valine. 
Benzylpenicillin was isolated in the usual manner at 66 and 72 hours, and 
portions of the purified material were degraded by the procedure of Tome 
et al. (13). Samples of the penicillamine obtained were subjected to the 
ninhydrin decarboxylation procedure, and the carbon dioxide was collected. 
The results (Table III) confirm the report (13) that acetate-1-C™ does 
yield carboxyl-labeled penicillamine, and show further that the incor- 


TABLE III 
Incorporation of Added Acetate-1-C'* into Penicillin 


All compounds were added after 60 hours fermentation. To each flask was added 
40 mg. of sodium acetate-1-C" containing 0.15 mc. of C". 


Compounds added to culture Time of sampling 
Ars. C.p.s 
Acetate-1-C'4 + L-valine........... 6 3.1 
+ u-valine............ 12 22.7 
TABLE IV 


Incorporation of Added Acetate-1-C' into Mycelial Valine 
The samples of mycelium were obtained from the cultures described in Table III. 


Radioactivity of isolated valine 
Time of sampling ; 
Total carbon Carboxyl group 
hrs. C.p.s. C.p.s. 
6 492 371 75 
12 580 445 77 


poration of C* from acetate into this position in penicillin is sharply reduced 
when non-labeled valine is also supplied. These results are consistent 
with the hypothesis that valine is a precursor of penicillin. 

To compare the pathway of biosynthesis of valine in Penicillium with 
those in other species, mycelial valine was also isolated. The chromato- 
graphic procedure described above was used, and the isolated valine 
purified by the ‘“‘washing-out” technique. Total radioactivity was 
determined as well as the activity of the carboxyl carbon. From the data 
of Table IV, it can be concluded that approximately 75 to 80 per cent of 
the labeled carbon is in the carboxyl group. The exact location of the 
remaining C' was not established. 
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To test the mode of utilization of L-valine for penicillin biosynthesis 
further, certain compounds having the same carbon skeleton and known 
to be related metabolically to valine were added to the culture, together 
with carboxyl-labeled L-valine, and the incorporation of C" into penicillin 
was determined. These data are recorded in Table V. Since all com- 
pounds were added effectively in equimolar amounts (on the assumption 
that only one isomer in appropriate cases could be utilized), a compound 
utilized as well as L-valine should reduce the uptake of L-valine by one- 
half. Therefore it can be concluded that none of the other compounds 
added is as good a precursor of penicillin as is added L-valine. Arnstein 


TABLE V 
Comparative Utilization of t-Valine and Related Compounds 
for Penicillin Biosynthesis 
All compounds were added after 60 hours of fermentation. Each flask received 12 
mg. of L-valine-1-C'*. The other compounds were added in equimolar amounts, as- 
suming only one isomer to be available in appropriate cases. 


C-labeled penicillin Utilization of added 


‘ment nientioibtes formed, units per ml. | valine, per cent control 
2 63 hrs.| 66 hrs. | 72 hrs. | 63 hrs. | 66 hrs. | 72 hrs. 
16 | 8.5 15.8 87 73 
17 7 14.0 | 24.7 103 99 
13. | a-Ketoisovaleric acid 2.6 | 5.4 68 59 
16 6.7 13.8 69 64 
13. | pL-a,8-Dihydroxyisovaleric acid 2.7/1 6.8 74 75 
17 10.9 | 20.0 80 79 
14 | 8,8-Dimethylacrylic acid 6.8 | 23.8 65 | 79 
17 11.0 | 20.6 81 86 


and Clubb (1) have recently demonstrated conclusively that 8-hydroxy- 
pL-valine is not an effective precursor of penicillin. Our data indicate 
that the keto acid may be appreciably utilized but the extent of utilization 
is such that it could result from prior conversion to L-valine. 

To test the utilization of valine nitrogen in penicillin biosynthesis, an 
80 mg. portion of the N'-labeled valine previously described was mixed 
with 16 mg. of C'*-carboxyl-labeled L-valine, the mixture was dissolved in 
water, divided into eight equal portions, and each was added to a 100 ml. 
culture of P. chrysogenum after 72 hours of fermentation. Four flasks 
were combined and harvested 3 hours after the addition of valine and four 
after 6 hours. The mycelial mats were separated by filtration, washed 
with water, and dried in vacuo, and a portion was used for the isolation of 
mycelial valine as previously described. 

Benzylpenicillin was isolated from the culture filtrates as the triethyl 


| 
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amine salt in the usual manner. The samples were not purified at this 
stage, but were subjected to mild acid hydrolysis, and the p-penicillamine 
thus liberated was precipitated as the mercury complex (1). The pre- 
cipitate was decomposed with hydrogen sulfide and the penicillamine 
purified by ion exchange chromatography on Dowex 50, 2.5 N hydrochloric 
acid being used as the developing solvent. The position of the penicil- 
lamine peak was ascertained by measurement of radioactivity and by 
ninhydrin color, and appropriate fractions were combined and evaporated 
to dryness at 25°. The p-penicillamine hydrochloride was converted 
to the thiazolidine by being warmed with a small volume of acetone con- 


TaBLe VI 


Isotope Content of Penicillamine and Mycelial Valine Isolated from Cultures 
after Short Term Experiments 


N'*labeled L-valine and L-valine-1-C™ were mixed in appropriate amounts, and 
the mixture was added to the cultures at a level of 12 mg. per 100 ml. of medium. 
Addition was made after 72 hours fermentation, and samples were harvested at 75 
and 78 hours. To facilitate isolation, known amounts of non-labeled benzylpeni- 
cillin were added to broth and known amounts of L-valine to mycelial hydrolysates. 
Correction is made for this in the calculation of dilution of isotope in mycelial valine. 


| Val Penicilla- | Mycelial 

we aline | Penicilla~ | Mycelial | penicilla- | Mycelial | Penicilla- | Mycelial 

added to | mine iso- | valine’ | “‘inine | valine | mine | valine 

3 cu 1800 | 1.44 1.46 1:232 | 1:17 

3 Nis 50 | 0.117 | 0.124 | 1:427 | 1:30 54 57 

6 cu 1800 | 2.88 2.00 1:116 | 1:9 

6 | Nis 50 0.188 0.126 1:266 1:22 44 42 


taining « drop of concentrated hydrochloric acid. Reerystallization from 
acetone yielded the beautifully crystalline p-5,5-dimethylthiazolidine-4- 
carboxylic acid hydrochloride hydrate. 

The isolated compounds were analyzed for N™ content through the 
generous cooperation of Professor J. W. Williams, Department of Bio- 
physics, Medical College of Virginia, Richmond. C™ analyses were 
carried out in the usual manner. The results are summarized in Table VI. 
It will be seen that the retention of N'* in mycelial valine and in the penicil- 
lamine moiety of penicillin is high and is almost identical in the two cases. 


DISCUSSION 


The data presented in this paper, together with previous work, provide 
strong evidence that L-valine is a precursor of penicillin and suggest that 
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p-valine is utilized only after prior alteration. The apparent effectiveness 
of added p-valine as a precursor after longer times probably results from 
the fact that it is only slowly utilized by the mold and is converted to the 
L form. 

The predominant labeling of valine in the carboxyl group after addition 
of acetate-1-C"™ is in line with previous work in the mold Neurospora, 
although the proportion of carboxyl labeling was even higher in the case 
of Neurospora. This may reflect either a generic difference or a peculiarity 
of the particular strain. In earlier work with acetate-1-C™ (Tome et al. 
(13)), incorporation of C™ into the carboxyl carbon of penicillin had been 
demonstrated. Our results confirm this finding and suggest that this 
incorporation occurs by way of prior synthesis of carboxyl-labeled L-valine. 

The failure of the mold to utilize effectively the various compounds 
related metabolically to valine can, of course, be explained in more than 
one way. However, the data certainly provide no support for the hy- 
pothesis that any of these compounds is an intermediate between valine 
and penicillin. 

The present demonstration of the utilization of valine nitrogen for peni- 
cillin biosynthesis is not necessarily inconsistent with the findings of others 
(1, 4), since, in these previous studies, N'*-labeled pL-valine was used and 
the fermentation was carried on for a much longer period. The demonstra- 
tion of the retention of valine nitrogen does impose certain limitations on 
possible mechanisms of penicillin formation. Thus, the configuration of 
the a-carbon must be inverted and a substitution in the 8 position must 
occur without loss of the amino group. The most obvious possibility is 
that the nitrogen is first substituted in such a manner that it is retained 
during the inversion and £ substitution. 


SUMMARY 


Studies on the relationship of valine to penicillin biosynthesis have 
provided further evidence that added p-valine is utilized by Penicillium 
chrysogenum much more slowly than is L-valine. Added p-valine is incor- 
porated into the mycelium primarily as L-valine. Acetate-1-C™ yields 
mycelial valine labeled predominantly but not exclusively in the carboxyl 
group. Further evidence is presented that penicillin derived from added 
acetate-1-C™ is labeled also in the carboxyl group, and the incorporation 
of C" into this position is reduced by concomitant addition of non-labeled 
L-valine. Added t-valine is utilized for penicillin biosynthesis in preference 
to added 6-hydroxy-p.-valine, 8 ,8-dimethylacrylic acid, pL-a ,6-dihydroxy- 
isovaleric acid, or a-ketoisovaleric acid. By using N"-labeled L-valine in 
short term experiments, it was demonstrated conclusively that the nitrogen 
is retained during the incorporation of L-valine into the penicillin molecule. 
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THE UTILIZATION OF GLUTAMINE, GLUTAMIC ACID, AND 
AMMONIA FOR THE BIOSYNTHESIS OF NUCLEIC ACID 
BASES IN MAMMALIAN CELL CULTURES* 


By NORMAN P. SALZMAN, HARRY EAGLE, ann EDWIN. D. SEBRING 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Institute of Allergy and Infectious Diseases, National Institutes of 
Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


(Received for publication, July 15, 1957) 


Glutamine has proved to have multiple metabolic functions in tissue 
cultures of animal and human cells. It is directly incorporated into pro- 
tein; and in a limiting medium it is used for the biosynthesis of glutamic 
acid, aspartic acid, and proline (2), as well as asparagine (3). 

The present studies were undertaken to clarify the role of glutamine in 
the biosynthesis of the nucleic acid bases. In cell cultures of a human 
uterine carcinoma, strain HeLa (4), two of the ring nitrogens of the purines, 
one of the pyrimidine ring nitrogens, and the amino groups of both guanine 
and cytosine are here shown to be derived from the amide nitrogen of 
glutamine. Results of studies in which glutamic acid-C", glutamine-C*%, 
and N'®H; were used as precursors will also be discussed. 


EXPERIMENTAL 


Materials—We are indebted to Dr. L. Levintow for the generous pro- 
vision of glutamine-2-C", uniformly labeled glutamine-C"™, and glutamine- 
amide-N'*, prepared by the methods he has recently described (2).! 

N'H,Cl was prepared from N'®H,NO; (64.5 atoms per cent excess), 
Eastman Distillation Products, by distillation of an alkaline aqueous solu- 
tion into dilute hydrochloric acid and by subsequent crystallization. 

The purines and pyrimidines used as spectral standards were purchased 
from the California Foundation for Biochemical Research. The com- 
pounds had been prepared synthetically, and their purity checked by chro- 
matography and spectral and elementary analyses. 

Growth of Cell Cultures—Strain HeLa was used throughout. The cells 
were grown as a layer adherent to glass in 1 liter Blake bottles, overlaid 
with 70 ml. of medium. The growth medium contained all the essential 
metabolites so far identified (thirteen amino acids, eight vitamins, salts, 
and glucose), supplemented with serum protein which was added as 5 per 

* Presented in part at the Forty-eighth annual meeting of the American Society 


of Biological Chemists, Chicago (1). 
' All of the amino acids used in the present study were the L isomers. 


1001 


1002 NUCLEIC ACID BASES 


cent dialyzed human serum. The composition of the medium and the 
methods of cultivation have recently been described (5). 

The extent of growth during the period of exposure to the appropriately 
labeled growth medium was determined by the increase in dry weight and 
total nitrogen. 

Harvesting of Cells and Isolation of Nucleic Acid Bases—The culture in 
groups of five to eight bottles was harvested at 3°. The medium was 
drawn off and the adherent cell layer washed twice with cold balanced 
salt solution (6). The cell layer was scraped off the glass into a total of 
15 ml. of cold 8 per cent trichloroacetic acid. The resulting suspension 
was homogenized in a Potter-Elvehjem glass homogenizer, centrifuged, 
and washed with cold 5 per cent trichloroacetic acid. Lipides were re- 
moved by extraction with alcohol and ether (7). 

The nucleic acids were extracted from the defatted tissue by three 1 hour 
extractions at 100° with 2 ml. portions of 10 per cent NaCl, and the sodium 
nucleates were obtained from the combined extracts (8). The nucleates 
were dissolved in 1 ml. of Nn KOH (9) and incubated at 30° for 18 hours. 
The alkaline solution was chilled, adjusted to pH 2 to 3 with 70 per cent 
perchloric acid, and the precipitated deoxyribonucleic acid (DNA) and 
KCIO, collected by centrifuging after several hours in the cold. 

The ribonucleotides were isolated from the supernatant fluid as the 
barium salts (10). 

The precipitated DNA and KCIlO, were washed twice with 0.3 ml. por- 
tions of cold 0.1 N HCIO,, suspended in water, and dialyzed against cold 
distilled water for 16 hours to remove the KCIO,. The residual DNA 
was taken to dryness in vacuo. As obtained by this procedure, it was free 
from ribonucleic acid (RNA). and the RNA fraction contained no more 
than 1 to 2 per cent of DNA. 

The barium ribonucleotides were hydrolyzed for 90 minutes at 100° 
with 0.3 ml. of 70 per cent HCIO, (11). The DNA fraction was hydrolyzed 
for 60 minutes at 100° with 0.1 ml. of 70 per cent HCIO,. 0.5 ml. of water 
was added to each hydrolysate, which was then centrifuged to remove 
carbonaceous material. The chilled supernatant solution was adjusted to 
pH 3 to 4 by the addition of 10 n KOH to precipitate KCIO,4, and 2 drops 
of concentrated HCl were added to redissolve guanine, which tended to 
precipitate at this point. The supernatant fluids after centrifugation, 
containing the RNA or DNA bases, were withdrawn; the precipitates were 
washed three times with 0.3 ml. portions of cold 0.1 N HCl, and the wash- 
ings combined with the original supernatant fluids. The final solutions 
were chromatographed on Whatman No. | paper in isopropyl alcohol-HCl 
(12). The bands seen under ultraviolet light were cut out and eluted by 
vigorous mechanical shaking in glass-stoppered test tubes for 1 hour with 
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0.1N HCl. The resulting solutions were heavily contaminated with non- 
ultraviolet-absorbing, ninhydrin-positive material. The adenine, cyto- 
sine, uracil, and thymine fractions were satisfactorily purified by being 
chromatographed in n-butyl aleohol-NH; (13) and eluted in 0.1 N HCl. 
The guanine, however, could not be purified in this solvent system be- 
cause of streaking. After a number of trials, an effective basic solvent 
system was developed, consisting of isopropyl alcohol-water-triethylamine 
(30:42:28 (v/v)). In this, up to 1 mg. of guanine was satisfactorily re- 
solved from the other bases. The guanine was eluted from the chromato- 
gram in 0.1 N HCl, the solution was neutralized with Nn NaHCO; (0.12 ml. 
per ml. of extract) and concentrated. The guanine, which crystallized 
on being chilled overnight, was collected by centrifugation, washed with 


TABLE I 


Difference in Optical Density at Absorption Maximum and at Second Wave Length 
for Purine and Pyrimidine Bases in 0.1 wn HCl in Concentrations 


of 1 y per ml. 
Compound Absorption maximum Other wave length Found 
mp per y per ml. 

259 280 0.0609 
Thymine............. 264 290 0.0558 
265 280 0.0384 
Hypoxanthine........ 248 280 0.0752 


cold water, and redissolved in 0.1 N hydrochloric acid. With this proce- 
dure, 50 to 500 y of guanine could be recrystallized in 85 to 95 per cent 
yield, giving material free from ninhydrin-positive contaminants. 

The above procedure for the isolation of the RNA and DNA bases was 
applicable to cell samples of approximately 0.5 gm. of wet weight, corre- 
sponding to a dry weight of 70 to 90 mg. 

Spectral Constants—All spectra were determined in 0.1 N HCl at the 
maxima and at a second wave length. The difference A in the optical den- 
sities at the two wave lengths was used as a measure of the base contents 
of the extracts (14). The values for the pure bases are given in Table I. 

Deamination of Bases. Conversion of Adenine to Hypoxanthine, Guanine 
to Xanthine, and Cytosine to Uracil—For the deamination of adenine and 
guanine, the 0.1 N HCl solutions of the bases were taken to dryness in 
vacuo, and the residues redissolved in 0.4 ml. of 2.56~ HCl per 200 y of 
base. 0.1 ml. of 1 per cent NaNO, was added, and the reaction mixture 


1004 NUCLEIC ACID BASES 


was heated at 100° for 30 minutes. The guanine-xanthine reaction mixture 
was chromatographed in 5 per cent Na,HPQ,-isoamyl alcohol (15) and 
the adenine-hypoxanthine mixture in n-butyl alcohol-NH; (13). The 
deamination products were eluted from the paper with 0.1 N HCl, the con- 
centrations determined spectrophotometrically, and these solutions used 
for mass spectroscopy. 

For the conversion of cytosine to uracil the procedure was as described 
above, with the following exceptions: the cytosine was redissolved in n 
HCl instead of 2.5 n, and 0.1 ml. of a saturated NaNO, solution was added. 
The chromatogram was developed in isopropyl alcohol-HCl, and the con- 
centrated uracil eluate was rechromatographed in n-butyl alcohol-NH). 
The uracil eluted from this chromatogram was suitable for mass spec- 
troscopy. 

Preparation of Samples for Mass Spectroscopy and Determination of 
Atoms Per Cent Excess—Ammonium sulfate (equivalent to 750 y of nitro- 
gen) was added to aliquots of the nucleic acid bases which contained 20 
to 50 y of nitrogen in order to provide sufficient material for N'® analysis. 
The total mixture was converted to ammonium sulfate by Kjeldahl di- 
gestion, and the N'® analysis performed in a Consolidated-Nier mass spec- 
trometer. 

Determinations of Specific Activities—The concentration of the bases in 
0.1 Nn HCl was determined spectrophotometrically. The acid solutions 
were made alkaline with Nn NaOH (0.12 ml. per ml. of acid solution) and 
1 ml. aliquots were plated in duplicate in 1 inch copper planchets. Meas- 
urements were carried out in a windowless gas flow counter, correction was 
made for self-absorption (16), and specific activities of the samples were 
calculated. 


Results 


Utilization of Glutamine-C™ for Biosynthesis of Purines and Pyrimidines 
by HeLa Cell—The carbon skeleton of uniformly labeled glutamine-C" 
(or glutamine-2-C™) was incorporated into the bases of RNA and DNA 
to the same extent (Table II). The specific activity of the newly synthe- 
sized pyrimidines was 40 per cent of that of the uniformly labeled gluta- 
mine precursor, and 10 times greater than that of the purines. Further, 
the level of incorporation into the pyrimidines was not significantly reduced 
by the addition to the medium of nutritionally non-essential amino acids 
(glycine, alanine, serine, proline, hydroxyproline, glutamic acid, aspartic 
acid, and asparagine, each at 0.2mm). With the purines, however, the 
already small utilization of glutamine carbon was further reduced by the 
addition of the preformed non-essential amino acids. 

Utilization of Glutamic Acid-C™ for Biosynthesis of Purines and Pyrim- 
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idines—When cells were grown in medium containing uniformly labeled 
glutamic acid-C“ (0.2mm), NH,Cl (0.2 mm), and unlabeled glutamine 
(1.5 mM), the specific activities of the purines and pyrimidines were much 
lower than with glutamine-C" (cf. Table II). This probably reflected the 
dilution of the labeled glutamic acid with unlabeled material derived from 
the breakdown of glutamine (2). Although the levels of incorporation 
were lower, the purines and pyrimidines were again differentially labeled. 


TaBLeE II 
Incorporation of Glutamine-C™ and Glutamic Acid-C" into Nucleic Acid Bases of HeLa 


Specific activity per carbon® relative to precursor as 100 


Glutamine-C™ Glutamic acid-C™ 
Minimal growth medium 
Experiment 4 Experiment 1 Experiment 2 
| | U-C'-labeled labeled U-C™“labeled 
RNA DNA RNA DNA RNA DNA RNA DNA 
Guanine........ 5.7 0.99 | 0.88 | 0.46 0.37 0.28 | 0.26 
Adenine. ....... 5.5 2.9 0.48 | 0.56) 0.37 0.39 0.36 | 0.34 
Cytosine.......| 43.9 45.5 39.1 36.5 7.94 7.60 9.33 9.56 
Uracil..........| 39.5 44.4 8.49 11.1 
Thymine....... 45.5 34.1 7.94 9.64 


* In the newly synthesized nucleic acid. 

t Glycine, alanine, serine, proline, hydroxyproline, glutamic acid, aspartic acid, 
and asparagine, each at 0.2 mo, were added to the medium. 

t U = uniformly labeled. 


These results suggest that glutamine carbon was incorporated into the 
bases only after preliminary degradation to glutamic acid. 

Utilization of Glutamine-Amide-N"* for RNA Synthesis—In early experi- 
ments with glutamine-amide-N"* (Experiments 1, 3, and 4, Table III), 
media containing the precursor were added to almost fully grown cell 
cultures. During the subsequent 48 hours, the cell mass increased 40 to 
45 per cent. The results (Table III) suggested that the glutamine-amide 
nitrogen served as a precursor for 3 of the 5 nitrogen atoms of guanine, 
and 2 of the 5 nitrogen atoms of adenine. At least 1 of the 2 nitrogen 
atoms of uracil, and 2 of the 3 nitrogens of cytosine appeared similarly to 
derive from glutamine-amide-N"*. 
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In these three experiments there were, however, significant discrepancies 
among the anticipated and the observed values, and it was suspected that 
RNA turnover, and the presence of unlabeled intracellular pools,? may have 
contributed to those discrepancies. In order to obviate these difficulties, 
an additional experiment (Experiment 5, Table IIT) was carried out in 
which cells were grown from a relatively small inoculum, so that during 
the period of exposure to the glutamine-amide-N"* the cell mass increased 
9-fold. Since the initial cell population now constituted only 11 per cent 


TaBLeE III 
Incorporation of Glutamine-Amide-N** into RNA Bases of Hela 
Experi- Experi- Experi- Experi- 
ment 1 ment 3 ment 4 ment 5 


Atoms t : ide N of Assumed* propor- 
tion of base ~— rel- 
gens deriving from 
glutamine amide N 


12.9 | 8.0 | 16.1 | 11.4 


Relative atoms per cent excesst 


Guanine.........| 0.74 0.59 0.61 0.63 3/5 0.60 
Adenine.........| 0.39 0.33 0.37 0.42 2/5 0.40 
Cytosine........| 0.94 0.88 0.91 0.71 2/3 0.66 
Uracil. ..........] 0.74 0.66 0.75 0.52 1/2 0.50 


* Based on results obtained with other systems (17-24). See under “Discussion.” 

t Referred to precursor as 1. The values for relative atoms per cent excess have 
been calculated on the assumption that all the observed incorporation was in the 
newly synthesized nucleic acid. In Experiments 1 to 4 there was a 41 to 45 per cent 
increase in cell mass and, in Experiment 5, a 900 per cent increase. RNA turnover 
would lead to erroneously high values in Experiments 1 to 4, but not in Experiment 
5; and the presence of a large unlabeled pool (e.g. adenine) would cause erroneously 

low values in these same experiments. 


of the final mass, neither RNA turnover nor initial unlabeled pool would 
have had an appreciable effect. As shown in Table III, in this experiment 
the atoms per cent excess in the RNA bases was indeed in excellent agree- 
ment with those anticipated from the results reported with other systems. 

Incorporation of Glutamine-Amide-N'* into Nucleic Acid Bases of DN A— 
Table IV shows the incorporation of glutamine-N" into the DNA bases. 


2 It is to be noted that in the first three experiments of Table III the relative atoms 
per cent excess of adenine was consistently lower than the calculated value rather 
than higher, as with the other bases. This probably results from the presence in 
the HeLa cell of a large pool of adenine and its congeners, 10-fold higher than that 
of any of the other bases. That unlabeled pool would tend to decrease the level of 
incorporation. 
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DNA has been shown in a variety of tissues to be metabolically stable 
(17, 18), and turnover would therefore not be a.complicating factor. The 
amounts of amide N incorporated were in fact consistently lower than in 
the case of the RNA bases and in consistently better agreement with theory, 
even when there had been only a relatively small increase in cell mass 
(Experiments 2 to 4 of Table IV). The atoms per cent excess in adenine 
was, however, again lower than anticipated, presumably because of the 
large unlabeled adenine pool? of the initial cell population. That discrep- 


TaBLe IV 
Incorporation of Glutamine-Amide-N** into DNA Bases of HeLa 


Experi- Experi- Experi- Experi- 
ment 2 ment 3 ment 4 ment 5 
tion of base nitro- ll rel- 
gens deriving from | per 
glutamine amide N| excess 
25.8 | 8.0 | 16.1 | 11.4 
Relative atoms per cent excesst 
Guanine.........| 0.60 0.57 0.58 0.60 3/5 0.60 
Adenine.........| 0.37 0.29 0.30 0.41 2/5 0.40 
Cytosine........| 0.66 | 0.75 | 0.78 | 0.69 2/3 0.66 
Thymine........| 0.49 0.52 0.50 0.51 1/2 0.50 


* Based on results obtained with other systems (17-24). See under “Discussion.” 

t Referred to precursor as 1. The values for relative atoms per cent excess have 
been calculated on the assumption that all the observed incorporation was in the 
newly synthesized nucleic acid. In Experiments | to 4 there was a 41 to 45 per cent 
increase in cell mass and in Experiment 5, a 900 per cent increase. RNA turnover 
would lead to erroneously high values in Experiments | to 4, but not in Experiment 
5; and the presence of a large unlabeled pool (e.g. adenine) would cause erroneously 
low values in these same experiments. 


ancy was not seen in Experiment 5 in which there had been a 9-fold increase 
in cell mass (Table IV). 

Origin of Amino Groups of Cytosine, Guanine, and Adenine—In order to 
determine whether the amino groups of cytosine, guanine, and adenine were 
derived from the amide N of glutamine, the bases were isolated from cells 
grown in the presence of glutamine-amide-N"* and the atoms per cent excess 
was determined before and after deamination with nitrous acid. As shown 
in Table V, the amino groups of guanine and cytosine derived from the 
glutamine amide nitrogen, but not the amino group of adenine. 

Composition of Intracellular Pool after Growth in Medium Containing 
Glutamine-A mide-N or N'*H,Cl—During the growth of HeLa cells there 
is a continual breakdown of glutamine to glutamic acid and ammonia (2). 
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In the absence of added ammonia, the intracellular ammonia pool would 
presumably be largely derived from this source. That this is actually 


TABLE V 
Evidence That Amino Group of Guanine and Cytosine, But Not Amino Group of 
Adenine, Derive from Glutamine-Amide-N 
The atoms per cent excess in the amide N of the glutamine precursor in this ex- 
periment (Ixperiment 5, Tables IT and III) was 11.4. 


After deamination 


Atoms per Theoretical atoms per 


Base cent excess 
* labeled (Tables |Atoms per cent excess for 
——— II and IIT) Compound formed |cent excess 


found ami-|N“He ami- 
no group | no group 
RNA guanine...| 7.19 3/5 Xanthine 5.96 5.70 
‘¢ adenine...| 4.83 2/5 Hypoxan- 5.64 5.70 
thine 
‘* eytosine..| 8.15 2/3 Uracil 5.55 5.70 
DNA guanine...| 6.86 3/5 Xanthine 5.95 5.70 
‘¢ adenine...| 4.64 2/5 Hypoxan- 5.61 5.70 
thine 


* In the newly synthesized nucleic acid. 


TABLE VI 
Incorporation of Glutamine-Amide-N'5 and N'°H; into Cellular Pool 
Cellular pool 
Initial atoms 
ot Precursor per cent excess Atoms per cent 


of precursor | Atoms per cent 


excess in NH; | &*ess in gluta- 


mine amide N 


5 Glutamine-amide-N'5 11.4 9.1 10.4 
6 3 15.1 14.9 14.7 
7 N?#5H,Cl (glutamine unlabeled) 64.5 10.4 0.76 


The cellular ammonia was isolated by a 45 minute aeration into HCI after adding 
alkali to the cold trichloroacetic acid extract. The pool glutamine was converted 
to glutamic acid and ammonia by acid hydrolysis for 1 hour, and the resulting am- 
monia similarly isolated by aeration. 


the case is seen in Table VI. Both the intracellular glutamine and the 
intracellular free ammonia at the completion of the experiment had essen- 
tially the same atoms per cent excess as the labeled glutamine in the me- 
dium. When the cells were grown in the same basal medium supplemented 
with 0.2 mm N!°H,Cl, 0.2 mm glutamic acid, but 1.5 mm unlabeled gluta- 


. 
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mine, the atoms per cent excess of the ammonia in the intracellular pool 
was significantly lower than that of the precursor, reflecting the breakdown 
of unlabeled glutamine. (In Experiment 8, Table VI, the atoms per cent 
excess Of the ammonia pool was actually lower than could be accounted 
for from the dilution with glutamine ammonia, perhaps because of fur- 
ther dilution by unlabeled ammonia pools present before the addition of 
NH,Cl.) These experiments clearly show that the cell is permeable to 
ammonia and that high intracellular levels are achieved. In confirma- 


TaBLe VII 
Minor Incorporation of N*°H,Cl into Nucleic Acid Bases of HeLa Cell 


| Experiment 9 


Experiment 8 


N'5H,C1 initial atoms per cent excess 


64.5 | 64.5 


Atoms per cent excess* 


RNA DNA RNA DNA 
Guanine........... 0.938 0.938 0.483 0.343 
Adenine........... 0.909 0.848 0.519 0.443 
Cytosine.......... 1.143 1.155 0.642 0.526 
Thymine.......... 1.087 0.825 


As the ammonia of the medium became diluted with unlabeled ammonia derived 
from the breakdown of glutamine, the atoms per cent excess gradually decreased 
from its initial value of 64, dropping to 8 by the completion of the experiment. The 
average atoms per cent excess during the course of the experiment was estimated 
to be 20 to 25. 

*In the newly synthesized nucleic acid. In Experiment 8 there was a 900 per 
cent increase in cell mass and in Experiment 9 a 45 per cent increase. 


tion of previously reported results (2) there was only a limited incorpora- 
tion of cell ammonia into glutamine. 

Incorporation of N'°H; into Nucleic Acid Bases—Since the cells were 
permeable to ammonia, and since there was little synthesis of glutamine 
from ammonia, it was possible to determine whether glutamine-amide-N 
was used directly or whether its incorporation into nucleic acids proceeded 
by way of ammonia. Cells were grown in 0.2 mm N'°H,Cl (64.5 atoms 
per cent excess), 0.2 mM glutamic acid, and 1.5mm glutamine, and the 
individual bases isolated. In Experiments 8 and 9, Table VII, extremely 
low levels of ammonia were incorporated into the bases, and the possi- 
bility cannot be excluded that even these low levels of incorporation may 
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have proceeded by way of a limited biosynthesis of glutamine. It is clear 
that, under the conditions of these experiments, free ammonia is not to 
any significant degree a direct precursor of nucleic acid base nitrogens. 


DISCUSSION 


The extensive preferential labeling of the pyrimidines, and the low level 
of incorporation into the purines, when cells were grown in glutamine-C" 
or glutamic acid-C" is not surprising. In HeLa cell cultures, glutamine 
carbon has been shown to be extensively converted to aspartic acid (2), a 
direct precursor of the pyrimidines (19). Attempts to dilute out the in- 
corporation of glutamine carbon into pyrimidines by the addition to the 
medium of the non-essential amino acids, including aspartic acid and as- 
paragine, were not successful. These results are, however, difficult to 
interpret since it is not known whether the cell is permeable to aspartic 
acid or whether asparagine, if permeable, would break down to give a 
significant intracellular aspartic acid pool. 

The relatively minor incorporation of glutamine-C™ into purines was 
further suppressed by the addition to the medium of the non-essential 
amino acids, which included glycine; it is possible that this incorporation 
may proceed by way of the glycine, which is known to become slightly 
labeled under these conditions (2). 

The extensive studies of Greenberg, Buchanan, and their associates (re- 
cently summarized by Carter (20)) have shown that in the biosynthesis 
of the purine ring by pigeon liver two of the four nitrogens in inosinic acid, 
nitrogens 3 and 9, are derived from glutamine. In rabbit bone marrow 
the amino group of guanine has also been shown to arise from the amide 
nitrogen of glutamine (21), while in Aerobacter aerogenes it was derived 
from ammonia (22). Thus, in the non-bacterial systems, 3 of the 5 nitro- 
gen atoms of guanine have been shown to arise from glutamine, but only 
2 in the case of adenine, in which the amino group derives from the amino 
group of aspartic acid (21). Similar results have here been obtained with 
the HeLa cell in tissue culture. Although degradation studies of the purine 
ring in the HeLa cell have not yet been carried out, the general similarity 
suggests that the same ring nitrogens, 3 and 9, are probably involved. 

The conversion of glutamine to aspartic acid and glycine, known pre- 
cursors of nitrogens 1 and 7, fortunately did not complicate the present 
studies on the utilization of the amide N, since neither the amide N nor 
free NH; is to any significant degree a precursor of a-N He groups in HeLa 
cell cultures (2). 

In the biosynthesis of the pyrimidines by a variety of tissues and cells, 
aspartic acid has been shown to serve as a precursor of 1 nitrogen atom 
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of the ring (19). A second nitrogen is reported to come from ammonia 
(23), which is incorporated via carbamyl phosphate into ureidosuccinic 
acid (24), and eventually into the pyrimidines (25). In Escherichia coli 
the cytosine amino group has also been shown to derive from ammonia 
(26), which reacts with uridine triphosphate to give cytidine triphosphate. 
HeLa cultures, however, show a quite different pattern of pyrimidine bio- 
synthesis. In the first place, since glutamine-amide nitrogen is not in- 
corporated into aspartic acid (2), aspartic acid is not an intermediate for 
the observed incorporation of glutamine-amide nitrogen. Further, N'°H,Cl 
similarly is not incorporated into pyrimidines (or purines) to any significant 
degree; and the minimal incorporation observed may well reflect a slight 
conversion of glutamic acid and ammonia to give glutamine. The amino 
group of cytosine and 1 nitrogen atom of the pyrimidine ring, both of 
which are derived from ammonia in other systems, in this system arise 
from glutamine amide N, and not from exogenous ammonia. The possi- 
bility that the immediate precursor is an ammonia pool derived from gluta- 
mine which is not in equilibrium with the main ammonia pool is difficult to 
exclude by experiments with intact cells. 

The results in the present experiments suggest that there may be sig- 
nificant turnover of RNA under conditions of growth. 


SUMMARY 


1. In HeLa cell cultures, glutamine-C“ and glutamic acid-C" were 
effectively incorporated into the pyrimidines. The addition to the medium 
of non-essential amino acids, including aspartic acid, had no effect on this 
incorporation. There was, however, only slight incorporation of gluta- 
mine carbon into the nucleic acid purines, and this was materially reduced 
by the addition of non-essential amino acids to the medium. 

2. The amide nitrogen of glutamine was a direct precursor of 2 nitro- 
gen atoms of the purine ring and of the guanine amino group, results 
similar to those found in other systems. In contrast with those systems, 
however, in HeLa cultures the amide nitrogen of glutamine was also the 
source of 1 nitrogen atom of the pyrimidine ring and of the cytosine amino 
group. 

3. Although HeLa cells were permeable to ammonia, exogenous am- 
monia was not a direct precursor of any of the purine or pyrimidine nitro- 


gens. 


We are indebted to Dr. DeWitt Stetten, Jr., for providing the facilities 
for the N'® determinations, and to Mr. Arthur Kenny, who performed the 
analyses. 
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ISOLATION AND CHARACTERIZATION OF A NATURALLY 
OCCURRING COFACTOR OF CARBAMYL 
PHOSPHATE BIOSYNTHESIS* 


By LEO M. HALL,ft R. L. METZENBERG,}{ ann PHILIP P. COHEN 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 11, 1957) 


Optimal conditions for the biosynthesis of L-citrulline by preparations 
obtained from mammalian liver require the addition of ATP,' L-ornithine, 
ammonia, bicarbonate, magnesium ion, and an appropriate derivative of 
t-glutamic acid (1, 2). Of the many synthetic compounds tested for 
catalytic activity, N-acetyl-, N-chloroacetyl-, N-carbamyl-, N-propionyl-, 
and N-formyl-L-glutamic acids have been found to be active (1, 2). Acetyl 
and carbamy] L-glutamates are catalytically active in the biosynthesis of 
carbamyl phosphate, an intermediate precursor of the carbamyl] group of 
L-citrulline (1-3). 

It was considered important to determine which, if any, of the synthetic 
glutamyl derivatives is the naturally occurring cofactor for carbamyl 
phosphate synthesis. Grisolia and Cohen (4) have previously reported that 
citrulline synthesis of rat liver preparations occurred only if the enzyme 
preparation is fortified with a glutamyl derivative. Jones et al. (5), 
using comparable beef liver preparations, confirmed this finding. Lowen- 
stein and Cohen (6) have reported that the requirement with crude enzyme 
preparations is not absolute. 

It is possible to demonstrate a small, but significant, synthesis of citrul- 
line by rat liver preparations in the absence of an added glutamy] derivative 
(Fig. 1). Although the amount of synthesis is only 1.5 to 2.0 per cent of 
that obtained if the system is supplemented with acetyl glutamate (Fig. 
2), it was suspected that this amount of synthesis must be due to the 
presence of a cofactor in the rat acetone powder extracts. 


* This investigation was supported in part by research grants from the Wisconsin 
Alumni Research Foundation and the National Institute of Arthritis and Metabolic 
Diseases (A-540(C6)), National Institutes of Health, United States Public Health 
Service. 

t Predoctoral Research Fellow of the United States Public Health Service of the 
National Heart Institute. Present address, Research Division, American Cyanamid 
Company, Pearl River, New York. 

t Fellow in Cancer Research of the American Cancer Society. 

1The abbreviations used in this paper are ATP, adenosinetriphosphate; Tris, 
tris(hydroxymethy])aminomethane-tris(hydroxymethyl)aminomethane —hydrochlo- 
ride. 
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In this paper, the isolation and characterization of this compound from 
mammalian liver and yeast are described. Preliminary reports of this 
investigation have been presented (9, 10). 


EXPERIMENTAL 


Assay System for Cofactor—The presence of the cofactor in various 
fractions was determined enzymatically. Incubation of a system con- 
taining the following components was used routinely: ATP, 10-* mM; L- 
ornithine, 10-? m; NH,HCO;, 5 mM; MgCl. or MgSO,, m; phos- 
phate or Tris buffer, pH 7.4, 5 X 10-? mM; 5 to 10 mg. of protein as an aqueous 
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Fie. 1 Fic. 2 


Fic. 1. Synthesis of citrulline in the absence of a glutamy] derivative. Final 
substrate concentrations were as follows: ATP, 1 K 10°? mM; NH,HCQO;, 5 X 10°? 
MgCl, 1 X 10-2 M; L-ornithine, 1 X mM; phosphate buffer, pH 7.4,5 K 10-2 m. 10 
mg. of protein as an aqueous extract of acetone-dried washed rat liver residue (7, 8) 
were added per tube. The final volume was 2.0 ml. The incubation was at 38°. 
Citrulline was estimated by a modification of the Archibald method (8). 

Fic. 2. The effect of the concentration of acetyl glutamate on the formation of 
citrulline. The final concentration of substrate and enzyme was the same as that 
for Fig. 1. The incubation was at 38° for 30 minutes. 


extract of acetone-dried washed residue of rat liver (7, 8), and suitable 
aliquots of the fraction in question. The incubation was at 38° for 30 
minutes in a final volume of 1.0 ml. After deproteinization, citrulline 
was estimated by a modification of the Archibald method (8). In addition 
to the tubes containing the fractions to be assayed, the following controls 
were included: (1) an incubation mixture with water replacing the fraction 
being assayed, (2) a zero time deproteinized incubation mixture, and (3) 
an incubation mixture supplemented with 10-? m acetyl glutamate in place 
of the fractions in question. Synthesis of citrulline greater than that with 
the water control was considered to be indicative of the presence of the 
cofactor. In the assay of crude fractions, it was necessary to make proper 
corrections for chromogens which interfere with the citrulline analysis. 
With this assay system, it is possible to detect as little as 0.05 umole of 


| from 
f this 


Arious 

con- 
M; L- 
phos- 
ueous 


L. M. HALL, R. L. METZENBERG, AND P. P. COHEN 1015 


acetyl glutamate (Fig. 2) or approximately 0.25 umole of carbamyl L- 
glutamate. 

Isolation of Cofactor from Mammalian Liver—Initial attempts to obtain 
evidence for the presence of the cofactor in mammalian liver involved 
fractionation of aqueous extracts of acetone-dried, washed rat liver residue. 
Although unequivocal evidence for the presence of the cofactor in the 
acetone powder extracts was obtained (9), it soon became apparent that 
the concentration of the material in the acetone powder extract was not 
sufficiently great to obtain the quantities necessary for rigorous identifica- 
tion. Fractionation of cold (0°) aqueous or perchloric acid extracts of 
homogenates of fresh rat or beef liver yielded similar quantities of active 
material. Estimated enzymatically (Fig. 2), assuming a catalytic activity 
equal to that of acetyl glutamate in the synthesis of citrulline, calculations 
indicated that whole liver contains about 1 to 3 parts per million of the 
cofactor. 

Hot water liver extracts, kindly supplied by the Armour Laboratories, 
proved to be a better source of the cofactor. These preparations are hot 
aqueous extracts of beef liver, concentrated to approximately 20 per cent 
total solids, and represent a 10- to 12-fold concentration. It is estimated 
that these preparations contain approximately 10 to 30 parts per million 
of the cofactor. Consequently, these preparations were the starting ma- 
terial of choice. The procedures by which the active principle was purified 
are as follows. 

Step 1—215 gm. of the liver extract were suspended in approximately 
600 ml. of distilled water, and the insoluble material was removed by 
centrifugation. The supernatant solution was adjusted to pH 8 with 
NaOH and placed on a 6.25 X 27 cm. column of Dowex 2-X10, 200 to 400 
mesh, formate form. After passing 8 liters of distilled water through the 
column, gradient elution in the cold (5-8°) was employed under conditions 
similar to those described by Hurlbert et al. (11). The mixer contained 
1.0 liter of distilled water and the reservoir 0.6 m triethylammonium 
formate-formic acid buffer, pH 3.0 (12). Assay of the eluate fractions re- 
vealed that the activity appeared between approximately 4 and 6 liters of 
eluate. The combined fractions were lyophilized to a syrup. A second 
215 gm. of liver extract were put through the same procedure, and the 
active fractions were combined. 

Step 2—Following neutralization to pH 8.0, the fraction was again 
chromatographed as in Step 1. The fractions between 5.3 and 6.2 liters 
contained the activity. These were pooled and lyophilized. 

Step 3—The lyophilized fraction from Step 2 was adjusted to pH 8 and 
placed on a 2.1 X 27 cm. column of Dowex 2 formate, and 800 ml. of 
distilled water were passed through the column. Gradient elution in the 
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cold (5-8°) as in Step 1 then followed, the mixing vessel containing 100 
ml. of distilled water. The eluate fractions between 500 and 690 ml. were 
pooled and lyophilized. 

Step 4—The lyophilized fraction was adjusted to pH 2 with HCl and 
passed through a 2 X 6 cm. column of Dowex 50 equilibrated with 0.01 
N HCl. Distilled water was passed through the column until the pH 
of the eluate was approximately 5. The combined eluates were lyophilized, 
yielding a yellow-white powder. 

Step 5—The powder was dissolved in distilled water, adjusted to pH 
8, and placed on a 2.1 X 30 cm. column of Dowex 2 formate. Gradient 
elution was then employed as in Step 3 with the exception that the buffer 
was adjusted to pH 4.0. The active fraction appeared between 520 and 
665 ml. of eluate. The pooled active fractions were lyophilized. 

Step 6—The syrup resulting from Step 5 was passed through Dowex 
50 (H+) without previous acidification, and water was passed through 
the column as in Step 4. The combined eluates were lyophilized. 

Step 7—The active fraction was dissolved in water, and the solution 
was streaked in a narrow band approximately 50 cm. in length on Whatman 
No. 3MM filter paper which had been washed with water by capillary 
ascent (Table I). 

Paper Sections 10, 11, 12, and 13 from Solvent III were eluted with water 
and passed through Dowex 50 (H*). The eluate was lyophilized, dissolved 
in a small volume of water, and concentrated slowly to dryness. The 
weight of the crystalline residue was 12.8 mg. 

Isolation of Cofactor from Yeast—Of considerable interest was the obser- 
vation that a cofactor is present in commercially available Bacto-yeast 
extract (Difco Laboratories). This preparation is the water-soluble 
portion of an autolyzed bakers’ yeast. According to the manufacturer, 
the mixture is clarified by boiling, following autolysis, and the supernatant 
fluid is dried in vacuo. Hot (80°) water extracts of fresh or autolyzed 
brewers’ yeast? were found to contain approximately the same concentra- 
tion (0.02 per cent total solids) of cofactor as the Bacto-yeast extract. 

100 gm. of Bacto-yeast extract were dissolved in 500 ml. of water and 
adjusted to pH 5 with glacial acetic acid. The solution was heated rapidly 
to 75-80° and maintained at this temperature for 5 minutes. After cooling, 
the pH was adjusted to 8.0, and the solution was placed on a 6.25 X 25 
cm. column of Dowex 2 formate. 3 liters of distilled water were passed 
through the column followed by 1.0 liter of 0.05 m triethylammonium 
formate-formic acid buffer, pH 3.0. Gradient elution was then employed 
asin Step 1. The active fraction was lyophilized and rechromatographed 


2 We are indebted to the Fauerbach Brewing Company, Madison, Wisconsin, for & 
gift of fresh brewers’ yeast. 
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as in Step 2. After passing the fraction through Dowex 50 (H+) (see 
Step 4), it was rechromatographed according to the procedure of Step 5. 
Following lyophilization, the fraction was again passed through Dowex 


TABLE I 


Purification of Liver Cofactor by Paper Chromatography ;* 
Optical Density in Citrulline Assayt 


Paper Section} Solvent I§ Solvent IT§ Solvent IIT§ 
7 0.10 
8 0.10 
0.29 

10 0.10 0.10 0.88 
11 0.11 0.10 1.24 
12 0.10 0.50 1.25 
13 0.11 1.35] 0.74 
14 0.11 1.30) 0.12 
15 0.11 0.57 0.10 
16 0.11 0.18 0.10 
17 0.11 0.10 0.09 
18 0. 65] 0.10 0.09 
19 1.35|| 0.10 

20 1.40)) 0.10 

21 0.78]| 

22 0.12 


* The active fraction of Step 6 was chromatographed in Solvent I, followed by 
rechromatography in Solvents II and III, respectively. 

t The paper sections were 10 mm. in the direction of solvent flow by 2 mm. wide 
and were numbered consecutively from the origin. The sections were placed di- 
rectly into the usual assay mixture (see Fig. 2). The solvent front in each chromato- 
gram advanced 24 cm. Acetylglutamic acid had Ry values of 0.80, 0.52, and 0.46 
in Solvents I, II, and III, respectively. 

t The solvent front in each chromatogram advanced 24cm. The paper sections, 
2X 10 mm., were numbered consecutively from the origin. 

§ The solvents used were as follows: Solvent I, 3 parts butanol-1 part 1.0 N acetic 
acid; Solvent II, 8 parts methanol-1 part water-1 part concentrated NH,OH; and 
Solvent III, 2 parts isopropanol-1 part 0.1 Nn NH,OH. 

|| The sections designated as such were eluted with water, lyophilized, and re- 
chromatographed. 


50 (H+) to remove triethylamine, and the eluate was lyophilized. A second 
100 gm. batch of yeast extract was put through the above fractionation 
procedures, and the resulting lyophilized preparation was combined with 
the first fraction. The partially purified, combined fraction was dissolved 
in a small volume of water and concentrated slowly to dryness in vacuo. 
A partially crystalline yellow residue was obtained, which weighed 268 


100 
and 
).01 
pH 
pH 
ent 
iter 
ind 
ex 
gh 
on 
an 
ry 
or 
PC 
ne 
r- 
t 
le 
r, 
it 


1018 CARBAMYL PHOSPHATE SYNTHESIS COFACTOR 


mg. The residue was dissolved in 2.0 ml. of water at 70°, and crystals 
formed upon cooling to 0°. These were recrystallized twice more from 
water. The mother liquors were combined, concentrated to a small 


l 1 1 — 
40 80 120 160 200 
MICROGRAMS COMPOUND 

Fic. 3. The effect of the concentration of acetyl glutamate, liver cofactor, and 
yeast cofactor on the formation of citrulline. The final concentration of substrate 
and enzyme was the same as that for Fig. 1. The incubation was at 38° for 30 min- 


utes. The final volume was 1.0 ml. 


TaB_Le II 
Yield of Glutamic Acid from Liver Cofactor and Yeast Cofactor upon Acid Hydrolysis 
Compound Compound hydrolyzed* Yield glutamic acidt Expected yield} 
7 
Acetyl glutamate. . 2270 1800 1790 
Yeast stimulator. . . 20.0 16.5 15.6 
Liver 20.0 15.1 15.6 


* The compounds were hydrolyzed in 6 Nn HCI for 2 hours at 100°. 

t Glutamic acid was determined colorimetrically by the quantitative ninhydrin 
method (13). 

t Based on the assumption that the compound in question is acetyl glutamate. 


volume, and cooled to 0°, and an additional crop of crystals was collected. 
These were recrystallized twice from n-butanol. 

Characterization of Isolated Cofactors—Both the liver and yeast cofactors 
move on paper chromatograms in Solvents I, II, and III (Table I) in a 
manner identical with authentic acetyl glutamate. The activity of both 
cofactors in the citrulline-synthesizing system was virtually identical on a 
weight basis with that of acetyl glutamate (Fig. 3). 

Hydrolysis of both cofactors in HCl gave rise to a single ninhydrin- 
reactive compound which was identified as glutamic acid by paper chroma- 
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tography in three different solvent systems. The yield of glutamic acid 
from weighed samples of the cofactors was determined by the quantitative 
ninhydrin method (13). These yields were in reasonable agreement with 
the theoretical yield from acetyl glutamate (Table II). 

The infrared spectra* of acetyl glutamate and of the two crystalline 
preparations were virtually identical, providing further evidence for their 
identity. 

Elemental analysis of the compound isolated from yeast was as follows: 
calculated for acetyl glutamate, C, 44.48; H, 5.87; N, 7.41 per cent; found 
C, 44.49; H, 6.16; N, 7.49 per cent. 

Cochromatography of the compound isolated from liver with acetyl-L- 
C'-glutamic acid on Dowex 2 formate resulted in a single elution peak. 
The elution was followed by assaying the fractions for radioactivity, as 
well as for stimulation of citrulline synthesis enzymatically. The ratio of 
radioactivity to citrulline synthesis was found to be constant over the 


range represented by the single elution peak. 
DISCUSSION 


The isolation and characterization of acetyl glutamate from mammalian 
liver would indicate that it is the natural cofactor in carbamyl] phosphate 
biosynthesis. It does not appear likely that chloroacetyl L-glutamate 
would occur naturally. Formy] L-glutamate has been reported to arise in 
the enzymatic breakdown of histidine (14). Preliminary evidence for the 
enzymatic synthesis of carbamyl-L-glutamic acid and acetyl glutamate (2) 
in mammalian liver has not been conclusive, though acetyl glutamate 
synthesis has been demonstrated to occur in bacteria (15). It thus appears 
highly likely that acetyl glutamate is the natural cofactor, since it possesses 
the greatest catalytic activity and its presence in mammalian liver has 
now been demonstrated. 

The presence of acetyl glutamate in yeast has not, to our knowledge, 
been previously demonstrated. The metabolic interrelationships among 
glutamic acid, proline, and ornithine have been clarified to a considerable 
extent (16-18). Vogel et al. (17, 19, 20) have presented evidence that 
two different pathways to ornithine formation appear to exist in different 
organisms. The enterobacteria appear to convert glutamic acid to orni- 
thine via N-acetyl-t-glutamic acid, N-acetyl-L-glutamic-y-semialdehyde, 
and N-a-acetyl-L-ornithine. Acetylornithinase activity (21) has been 
demonstrated in all Enterobacteriaceae tested (19). In contrast, no 
appreciable acetylornithinase activity could be detected in Neurospora 
crassa (20), several other fungi, or certain Bacillaceae (19). This evidence 


* The infrared spectra were determined with a Baird infrared spectrophotometer 
by the Department of Chemistry, University of Wisconsin. 
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has been interpreted to mean that the Bacillaceae as well as the fungi 
synthesize t-ornithine from .-glutamic-y-semialdehyde, as has been re- 
ported for N. crassa (20) and Torulopsis utilis (17). 

Although the conversion of citrulline to arginine has been investigated 
in yeast (22), no systematic investigation of carbamyl phosphate or cit- 
rulline synthesis has been reported. Thus it is not possible at present 
to speculate on the possible role of acetyl glutamate as a cofactor for 
carbamy] phosphate synthesis in yeast. Acetyl glutamate is not required 
for synthesis of carbamyl phosphate in Streptococcus faecalis (3, 8) and 
Escherichia coli* preparations. Preliminary studies have revealed that 
citrulline synthesis in NV. crassa also does not require a glutamy] derivative. 
Thus the metabolic significance of acetyl glutamate in yeast is still to be 
determined. 


SUMMARY 


The isolation and characterization of acetyl-t-glutamic acid from 
mammalian liver and yeast are described. The presence of acetyl-.- 
glutamic acid in mammalian liver and its high catalytic activity provide 
evidence which indicates that this compound is the natural cofactor in 
carbamyl phosphate biosynthesis. The demonstration of acetyl-.-glu- 
tamic acid in yeast raises the question as to its metabolic significance in 
this organism. 
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STUDIES ON THE DETERMINATION OF TOTAL NUCLEIC 
ACIDS BY ULTRAVIOLET ABSORPTION METHODS 
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Education, and Welfare, Bethesda, Maryland) 


(Received for publication, August 22, 1957) 


Ultraviolet absorption methods for the study of nucleic acids have be- 
come increasingly useful since the quantitative relationships between 
nucleic acids and their absorption of ultraviolet light have been shown by 
Caspersson (1). For example, ultraviolet measurements provide a rapid 
and simple means of determining the total nucleic acid (TNA) value which 
may be used to verify the TNA value arrived at by summing the results 
of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) analyses 
found by colorimetric methods. 

Acid hydrolysis depolymerizes nucleic acids extensively nel results in 
an increased ultraviolet absorption, the value for which is quite reproducible 
for the same material. The acid hydrolysis also releases purine-bound 
sugars for their reaction with various chromogenic reagents. Hence the 
colorimetric assays and determination of TNA by ultraviolet absorption 
may be performed on the same acid hydrolysate. ‘Trichloroacetic acid 
(TCA) is commonly employed as the hydrolytic agent because it is also 
an excellent protein precipitant. 

Recent investigations of the application of ultraviolet absorption methods 
to measurement of TNA in TCA hydrolysates of mammalian tissues have 
been reported by Tsuboi (2) and Logan et al. (3). As shown by Logan 
et al., TCA absorbs strongly in the region of nucleic acid absorption (255 
to 265 my) and in a range whereby its absorbancy is changing rapidly with 
wave length over a small wave length interval. Moreover, during the 
heating to accomplish the hydrolysis, TCA is partially lost, probably 
through decomposition. 

The studies to be reported here are concerned with further investigations 
of ultraviolet absorption methods as applied to TCA hydrolysates of bio- 
logical materials. 

EXPERIMENTAL 
Materials— 
1. Yeast RNA, Nutritional Biochemicals Corporation, Cleveland, Ohio. 


* Present address, Division of Pharmacology, Food and Drug Administration, 
Washington, D. C. 
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The material was purified by reprecipitation from glacial acetic acid accord- 
ing to the method of Kunitz (4). By analysis the RNA was 14.6 per cent 
N and 9.0 per cent P. 

2. DNA. The material was prepared from calf thymus by the method 
of Hammarsten (5). By analysis the DNA was 13.7 per cent N and 7.9 
per cent P. 

3. Rat tissues. The livers, lungs, and spleen from young Sprague- 
Dawley rats were removed immediately after the animals were killed and 
were frozen at once on dry ice. 

4. Mouse tissues. The livers from National Institutes of Health gen- 
eral purpose Swiss mice were treated in the same manner as the rat tissues. 

5. Yeast. Bakers’ yeast (Fleischmann), dried in vacuo, was used. 

6. Bacteria. 17 hour cultures of Escherichia coli, grown at 37° on horse 
meat infusion agar, were harvested by washing the nutrient medium with 
0.85 per cent saline. The bacteria were recovered by centrifuging the 
saline wash for 10 minutes at 20,000 X g in a Servall SS-1 centrifuge, the 
bacteria being washed twice with distilled water, and being dried in vacuo. 

The tissues and microorganisms were prepared for these studies by being 
washed with cold 10 per cent TCA, defatted with alcohol and ether, and 
finally converted to a dry powder as described by Webb and Levy (6). 


Methods 


Hydrolysis—In a manner previously described (6), the tissue powders 
were heated in a boiling water bath for 30 minutes with 5 per cent TCA, 
and then diluted with an equal volume of 5 per cent TCA (not heated). 
A blank solution was prepared in a similar manner by heating a like volume 
of 5 per cent TCA as that used for the powder hydrolysis, followed by 
dilution with an equal volume of 5 per cent TCA. 1 ml. of the diluted 
hydrolysates was equivalent to approximately 100 7 of TNA. 

Ultraviolet Absorption Measurements—1 ml. aliquots of the diluted hy- 
drolysates and 1 ml. of the blank solution were transferred to 5 ml. volu- 
metric flasks and diluted to volume with distilled water. Optical densities 
were measured against the blank solution with a Beckman spectrophotom- 
eter (model DU) by using 1 cm. quartz cells. 

In some experiments, to be described later, the ultraviolet-absorbing 
components were separated from the TCA media before measurement in 
the ultraviolet region in the following manner. 

A 1 ml. aliquot of the diluted tissue hydrolysate was transferred to a 
12 ml. centrifuge tube and the contents were neutralized with 2 drops of 
NH,OH (28.5 per cent). 1 ml. of the TCA blank solution was treated in 
a like manner. The tubes were heated for 15 minutes in a boiling water 
bath to expel excess NH; and then cooled in an ice bath to 0-5°. 1 mi. 
of cold 2 per cent AgNO; solution was added to each tube, the contents 
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were mixed, and the tubes allowed to stand for 15 minutes in an ice bath. 
The tubes were centrifuged and the supernatant solutions discarded and 
the residues washed once with cold 1 per cent AgNO; and recovered by 
centrifugation. 4 ml. of 0.1 N HCl were added to each tube and the tubes 
heated for 10 minutes in a boiling water bath. During the heating period 
the mouths of the tubes were covered with sealed ampul bulbs to minimize 
loss by evaporation which, with a 4 ml. volume, did not exceed 0.1 ml. 
The tubes were cooled, centrifuged, and 2 ml. aliquots of the supernatant 
solutions transferred to 5 ml. volumetric flasks and diluted to volume with 
distilled water for measurement. 


Results 


Ultraviolet Absorption Characteristics of Tissues and Microorganisms; 
Effect of Time of Hydrolysis—The maximal ultraviolet extinction values 
for extracts resulting from 15, 30, and 60 minute hydrolyses of powders 
of several rat tissues and microorganisms were determined. For all the 
materials examined, there was no significant variation in the extinction 
values, nor shift in the wave length maxima, for extracts of the same powder 
which resulted from 15 minutes hydrolysis compared to that resulting 
from as long as 1 hour hydrolysis. The maxima for all tissues and micro- 
organism extracts, with the exception of yeast, were approximately 265 
mu. The yeast extract (predominantly RNA) showed a maximum at 
263 mu. 

In a second experiment in which the addition of extra TCA after 30 
minutes hydrolysis of the powders was omitted, the maxima observed were 
higher, in some instances, ranging from 269 to 272 mu. This shift in the 
absorption maxima towards the higher wave lengths was probably due 
to incomplete precipitation of protein material in the hydrolysates because 
the TCA concentration is partially lowered under conditions of the hy- 
drolysis (3). 

Ultraviolet Absorption Characteristics of RNA and DNA Hydrolyzed with 
TCA—The wave lengths of maximal absorption and extinction values for 
purified DNA, purified RNA, and for a 1:1 DNA-RNA mixture hydro- 
lyzed for 30 minutes in TCA were determined. The maximum for DNA 
was 267 my and for RNA approximately 260 my, whereas the 1:1 DNA- 
RNA solution showed a maximum at 265 my. Next, the ultraviolet- 
absorbing characteristics of a synthetic solution, in TCA, of products 
which would result from the hydrolysis of the 1:1 DNA-RNA mixture, as 
calculated from the tetranucleotide formula, were studied. The synthetic 
solution,' measured in a final concentration of 1.6 K 10-°m for adenine, 
guanine, and cytidylic acid and of 8 X 10~*m for thymidylic and uridylic 


1The materials contained in the solution may be obtained from the California 
Foundation for Biochemical Research, Los Angeles, California. 
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acids, showed a maximum from 265 to 268 my. Measurement was made 
against a TCA blank solution treated in the same manner as the synthetic 
solution with respect to heat and dilution. The optical density (1 em. 
light path) of a 0.002 per cent solution of the hydrolyzed 1:1 DNA-RNA 
mixture was 0.520. This solution, in terms of the tetranucleotide formula, 
was equivalent in ultraviolet-absorbing components to the finally measured 
synthetic solution. The optical density reading (0.520) was 90 per cent 
of that found for the synthetic solution at 265 my, which per cent corre- 
sponded well with the per cent purity of the DNA and RNA in the mixture 
according to phosphorus analysis (88 per cent). 

A further experiment confirmed the observations of others (2, 3) that 
neutralizing the TCA solutions to a pH of 7 with phosphate buffer shifted 
the absorption maxima of both DNA and RNA to lower wave lengths 
(approximately 260 and 258 my, respectively), with no significant change 
in the maximal ultraviolet extinction values. Routinely, nothing was 
gained by measurement at 258 or 260 my, since TCA had a greater ab- 
sorption at these lower wave lengths. 

Effect of TCA Ultraviolet Absorption on Spectrophotometric Measure- 
ments—Although the absorption of TCA in the working range was appre- 
ciable, it was possible to correct for it at 265 my, as shown in the follow- 
ing manner. Various dilutions of a 1:1 DNA-RNA homogenate in water 
were hydrolyzed in a 5 per cent TCA medium and, after dilution with 5 
per cent TCA (see under “Methods’’), their optical densities measured 
against the blank TCA solution. Duplicate determinations were made 
at each concentration level. The resulting direct proportionality between 
absorption and nucleic acid concentration over the range 1.25 to 20 y per 
ml. (finally measured solution) is shown in Fig. 1. 

Some measurements were also made against distilled water. By this 
procedure it was determined that the average of the optical density read- 
ings of the blank solutions was 70 per cent of that found for the lowest 
concentration (1.25 y per ml.) of the DNA-RNA solutions. 

In order to investigate further the reliability of the ultraviolet measure- 
ments when TCA was used as a solvent, dilutions of a hydrolyzed 1:1 
DNA-RNA solution were treated with AgNO; and the isolated nucleic 
acid components redissolved with HCl and measured as described under 
“Methods.” The linear optical density-concentration plot obtained was 
identical with that for the TCA solutions measured over the same range 
of concentrations. 

To demonstrate the quantitative relationships of the AgNO; precipita- 
tion procedure and to show that the theoretical ultraviolet-absorbing 
components were precipitated, the procedure was applied to a synthetic 
solution (previously described) of the components in TCA. Components 
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in 1 ml. of TCA solution equivalent to approximately 300 y of nucleic 
acids were recovered 98 to 100 per cent (three determinations) according 
to ultraviolet extinction values in TCA, and in HCl solutions after AgNO; 
precipitation and dissolution of the residue. 
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Fic. 1. Relationship between the optical density and the amount of TNA as ob- 
tained by ultraviolet absorption measurements at 265 mu. The abscissa represents 
amounts of TNA contained in 1 ml. of the finally measured solutions. Readings 
were made in | cm. quartz cells in a Beckman model DU spectrophotometer against 
the blank TCA solution described in the text. Duplicate determinations were made 
at each concentration level. 


Recovery of Nucleic Acid Ultraviolet-Absorbing Components of Tissues and 
Microorganisms by AgNO; Precipitation—Three portions of mouse liver 
tissue powder (8.0 mg. each), three portions of rat lung tissue powder (8.0 
mg. each), and three portions of the powder of EF. coli (4.0 mg. each) were 
taken for hydrolysis. Aliquots of the diluted hydrolysates were treated 
with AgNO;, the residues treated with HCl, and aliquots of the HCl solu- 
tions made to volume as described under “Methods.” Optical density 
readings of these solutions were then compared, respectively, with optical 
density readings of aliquots of the TCA solutions which represented equi- 
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valent amounts of the powders. As shown in Table I, average recoveries 
of the nucleic acid components ranged from 94 per cent in the case of mouse 
liver to 100 per cent for /. coli and rat lung. 


TABLE I 


Recovery of Nucleic Acid Ultraviolet-Absorbing Components from TCA Hydrolysates 
of Tissues and Microorganisms 


Optical density* per mg. extracted 
powder per 5 ml. solution 
Tissue or organism | Hydrolysate No. | Per cent recovery 

TCA HCL 
Mouse liver 1 0.420 0.406 96.7 
2 0.420 0.384 91.4 
3 0.414 0.3384 92.8 
Average...... 93.6 
Rat lung 1 0.330 0.340 103.0 
2 0.312 0.320 102.6 
3 0.320 0.306 95.6 
Average... ... 100.4 
E. coli 1 0.748 0.740 98.9 
2 0.828 0.832 100.5 
3 0.736 0.752 102.2 
Average...... 100.5 

*1 cm. light path at 265 mu. 
DISCUSSION 


These experiments indicate that in ultraviolet estimations of nucleic 
acids, when TCA is used as the solvent, adequate correction for the ultra- 
violet absorption of TCA is possible at wave lengths as low as 265 my when 
the TCA concentration is approximately 1 per cent. Because, compara- 
tively, the absorption of TCA is much less, whereas that of the nucleic 
acids has diminished only slightly, adequate correction for the absorption 
of TCA is also possible at 268.5 my, the wave length suggested by Logan 
et al. (3) for measurement of TNA. At this wave length they found E(P) 
(atomic extinction coefficient per mole of P) for their RNA and DNA 
standard solutions to be the same, namely 9850. 

It is further indicated that the addition of extra TCA after hydrolysis 
of the biological material is advisable in order to insure an excess of this 
protein precipitant for complete removal of precipitable material. That 
the amount of soluble protein breakdown products which remain is probably 
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small is shown by the fact that there was no increase in the extinction nor 
shift in the wave length maximum in tissue powder hydrolyzed for as long 
as 1 hour compared with the same powder hydrolyzed for 15 minutes. 

In early experiments, designed to eliminate the effects of TCA and pos- 
sibly protein absorption, it was observed that the nucleic acid ultraviolet- 
absorbing components could be quantitatively precipitated in low con- 
centrations with AgNO;. When the residue was treated with HCl, the 
precipitated nucleic acid components were dissolved and the absorption 
of the solvent in the ultraviolet region was negligible. This approach was 
abandoned as a routine procedure because it was obvious that at the wave 
lengths used and in the concentration of TCA present, reliable estimation 
of nucleic acids could be made without the precipitation step. However, 
the quantitative nature of the precipitation suggests other applications; 
for example, as a preliminary step in the separation of free bases (purines) 
from pyrimidine nucleotides. Of further interest, in connection with this 
precipitation procedure, was the observation that the p-nitrophenylhydra- 
zine test (6) for DNA and the p-bromophenylhydrazine (7) and orcinol (8) 
tests for RNA (which are essentially tests for sugar components) were all 
negative when applied to the HCl solution of nucleic acid components. 
Pyrimidine nucleotides were known to be precipitated under the conditions 
prescribed. Furthermore, it had been shown by spectrophotometric 
measurements of the HCl solutions that there was a quantitative recovery 
of ultraviolet-absorbing material. These facts lend additional evidence 
to the concept that the sugar components of pyrimidine nucleotides are 
not released by the mild acid hydrolysis generally used in nucleic acid 
analysis procedures. For a description of other investigations for the 
analysis of binary mixtures of purine and pyrimidine components which 
utilize AgNO; precipitation procedures and ultraviolet spectrophotometry, 
reference may be made to the work of Loring et al. (9). 


SUMMARY 


Estimations of total nucleic acids in trichloroacetic acid hydrolysates 
of biological material by ultraviolet absorption methods have been studied. 

1. When an excess of trichloroacetic acid was assured by the addition of 
extra amounts after hydrolysis, no significant change in the wave length of 
maximal absorption or extinction value was observed in tissues hydrolyzed 
for 15 minutes, compared with the same tissue hydrolyzed as long as 1 
hour. Maximum for tissue hydrolysates was approximately 265 mu, which 
corresponded well with that found for a 1:1 deoxyribonucleic acid-ribo- 
nucleic acid solution and that of a synthetic mixture, based on the tetra- 
nucleotide formula, of components which would result from the hydrolysis 
of the nucleic acids. 

2. Adequate correction for the ultraviolet absorption of trichloroacetic 
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acid at wave lengths as low as 265 my was possible by treating the blank 
solution in the same manner as tissue hydrolysates with respect to heating, 
addition of extra trichloroacetic acid, and dilution. 

3. Quantitative separation of the ultraviolet-absorbing components from 
trichloroacetic acid solution was possible by precipitation with AgNO, 
from an ammoniacal solution at pH 7 and dissolution of the residue with 
0.1 HCl. 
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THE ISOLATION OF L-ARABITOL FROM PENTOSURIC URINE* 


By OSCAR TOUSTER anv SHIRLEY O. HARWELL 


(From the Department of Biochemistry, Vanderbilt University School of Medicine, 
Nashville, Tennessee) 


(Received for publication, September 13, 1957) 


The nature of the metabolic defect in congenital pentosuria has not 
been determined, although considerable evidence is accumulating in regard 
to the metabolism of L-xylulose. This pentose, long known to be excreted 
in gm. quantities by pentosuric individuals, has been found in small 
amounts in the urine of ‘‘non-pentosuric” humans (2-4), guinea pigs (3), 
and rats (4). Touster, Mayberry, and McCormick (5) have demonstrated 
the conversion of p-glucuronolactone-1-C™ to L-xylulose-5-C™ in a pento- 
suric human, confirming earlier suggestions in regard to the biosynthesis of 
the pentose (3). Moreover, three groups of investigators (6-8) have 
reported the enzymatic transformation of p-glucuronic acid, or of its 
metabolic product L-gulonic acid, to L-xylulose. 

Evidence regarding the metabolic disposition of L-xylulose was obtained 
by Touster et al. (9-11), who found that guinea pig liver contains enzymes 
which can interconvert L-xylulose and xylitol and also xylitol and pb- 
xylulose. The report of Hickman and Ashwell (12) on the occurrence of a 
p-xylulose kinase in calf liver which catalyzes the formation of p-xylulose 
5-phosphate completed a connection between L-xylulose and an inter- 
mediate in the 6-phosphogluconate oxidation pathway (pentose phosphate 
pathway). Accordingly, the following sequence of reactions appears to 
occur in mammals: p-glucose — p-glucuronate — L-gulonate — L-xylu- 
lose — xylitol — p-xylulose — p-xylulose 5-phosphate — hexose phosphate, 
etc. Evidence obtained in vivo for the position of xylitol in the sequence 
has been provided by the demonstration that xylitol-1-C"™ yields a labeling 
pattern in liver glycogen which is in accord with the metabolism of the 
pentitol via the pentose phosphate pathway (13). 

It would be reasonable to assume that the defect in pentosuria is due to 
a deficiency of the L-xylulose-xylitol enzyme. However, if the metabolic 
block were between xylitol and p-xylulose, both xylitol and L-xylulose 
might accumulate and be excreted. Previous analytical studies on pento- 


* This study was supported by grants from the National Science Foundation and 
from the Muscular Dystrophy Associations of America, Inc. During the terminal 
stage of this study the senior author held an Investigatorship of the Howard Hughes 
Medical Institute. A preliminary account was presented at the Federation of 
American Societies for Experimental Biology, Chicago, April, 1957 (1). 
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suric urine would not have detected the xylitol which, lacking a carbony] 
grouping, does not respond to tests specific for sugars. It therefore ap- 
peared desirable to examine pentosuric urine for the presence of this 
pentitol, the analysis to be based on a search for non-sugar periodate- 
positive material. We did indeed find an unexpectedly high concentra- 
tion of a pentitol, but it was identified as L-arabitol rather than xylitol. 
As far as we are aware, L-arabitol has not previously been encountered in 
a natural source. 


EXPERIMENTAL 


Materials—All sugars and polyols were of the same origin as in earlier 
studies (11). The p-arabitol was furnished by Dr. N. K. Richtmyer of the 
National Institute of Arthritis and Metabolic Diseases. Unlike the pen- 
tosuric urine, the urine was obtained from the same pentosuric subject 
(G. W.) studied previously. 

Methods—All urine samples were preserved with toluene and kept frozen 
until used. The second collection of pentosuric urine (see under ‘‘Results’’) 
was obtained in May, 1956; our subject is now unavailable. The urine 
from normal individuals was analyzed within a few days of collection. 
The deionization and chromatography by the general method of Khym 
and Zill were carried out essentially as previously described (3). Elution 
procedures are indicated in each experiment. Filtrates from the Dowex 1 
(borate) column were analyzed as follows: (1) for aldopentoses, the Roe- 
Rice p-bromoaniline method (14); (2) for ketoses, the Dische-Borenfreund 
cysteine-carbazole reaction (15); (3) for substances containing a-glycol 
groupings, the periodate procedure of Voris et al. (9, 16). Colorimetric 
assays for hexoses and other sugars were not routinely made; they could be 
detected later by paper chromatography. For analysis of fractions by 
paper chromatography, naphthoresorcinol spray (17) and periodate-benzi- 
dine dip reagents (18) were employed. 


Results 


Isolation of Pentitol from Pentosuric Urine—The first experiment de- 
signed to detect a pentitol in pentosuric urine involved the deionization 
of a 55 ml. sample on columns (1.6 X 70 cm.) of Amberlite IR-120 (H*) 
and Duolite A-4 (CO;=), each column being washed with 300 ml. of water 
after passage of the urine. The deionized urine was concentrated under 
a vacuum to a volume of 10 ml. After addition of an equal volume of 
0.01 m Na.B,O7, the sample was chromatographed on Dowex 1 (borate) 
as indicated in Fig. 1. The first peak, the cysteine-carbazole-reactive 
material, is xylulose, which is always found in pentosuric urine. The frac- 
tions in the second large peak, composed of periodate-positive material 
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responding negligibly to carbohydrate tests, were pooled, freed from 
Na.B,O7, concentrated to dryness, and subjected to paper chromatographic 
analysis. In several solvents, only one major component was found; it 
responded to periodate-benzidine dip reagents but not to naphthoresorcinol 
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Fic. 1. Fractionation of pentosuric urine (55 ml.) on a Dowex 1 (borate) column 
(1.1 * 33 em.). A wash of 50 ml. of 0.005 m Na2B,O; was followed by elution with 
800 ml. of 0.02 m Na2B,Q;, and then by 500 ml. of 0.04 m Na2B,O;7. 25 ml. fractions 
(collected with a Gilson volumetric fraction collector) were analyzed as follows: 
O, cysteine-carbazole method, xylulose as standard; @, p-bromoaniline method, 
ribose as standard; A, periodate reactivity, calculated as pentitol. 


spray. Its Rp was within the pentitol range and distinct from those of 
erythritol and hexitols. 

A larger sample (300 ml.) of the same urine specimen was therefore 
subjected to the same isolation procedure, the only change being the use of 
larger deionization columns. The dried pentitol fraction obtained from the 
deionized eluate from the Dowex column was repeatedly extracted with hot 
absolute ethanol. Evaporation of the combined extracts yielded 37 mg. 
of a colorless oil (Fraction I) which resisted attempts at crystallization. 
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Paper chromatography indicated that it was pure pentitol, with Rr values 
slightly closer to arabitol than to xylitol. 

For an independent check on these findings, a 3 day collection of urine 
was obtained from our subject 2 months after the collection of the sample 
used in the above experiments. 400 ml. were fractionated in the custom- 
ary manner, except that the isolated pentitol fraction was further purified 
by preparative paper chromatography in benzene-n-buty] alcohol-pyridine- 
water (1:5:3:3, upper layer). The product (Fraction II) could not be 
obtained in crystalline form in spite of the additional purification step. 

Table I summarizes paper chromatographic studies on the isolated 
pentitol. Although the best agreement is with arabitol, clear differentia- 


TABLE I 
Paper Chromatography of Polyols 


| 
Solvents Erythritol| Xylitol | Arabitol | Unknown Ribitol | Mannitol 


BuOH-HOAc-H,0 (4:1:5, up- 

per layer). 0.43 0.33 0.33 0.34 0.35 0.30 
Benzene- BuOH- 

(1:5:3:3, upper layer).. 0.42 0.28 0.30 0.30 0.34 
KtOAc-pyridine-H (2:1:2, 

upper layer).. .| 0.54 0.43 0.45 0.45 0.47 0.38 
BuOH-EtOH- (4: 1: 5, 

per layer).. so) 0.32 0.33 0.35 
80% n-propyl alochel.. ..| 0.40 0.31 0.32 0.31 0.32 0.29 


tion from ribitol and xylitol required repeated comparisons. Conversion to 
a crystalline derivative was evidently desirable. 

It should be noted that no evidence could be obtained to suggest that 
the pentitol had been formed during the isolation process. Normal urine to 
which xylulose had been added (in the concentration found in pentosuric 
urine) did not yield, after deionization and chromatography, evidence for 
the presence of arabitol. (As shown below, careful fractionation later 
disclosed the presence of a comparatively small amount of the pentitol in 
urine obtained from normal individuals.) Moreover, there was sufficient 
arabitol in the urine of the pentosuric subject that it yielded appropriate 
spots by paper chromatography without the urine samples being given any 
preliminary treatment. 

The results of isolation experiments on the two different urine samples 


indicate that the pentosuric subject excretes several hundred mg. of arabitol ° 


daily. 
Preparation and Characterization of Lt-Arabitol Pentaacetate—Fraction I 
(37 mg.) was shaken overnight with 0.3 ml. portions of dry pyridine and 
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acetic anhydride. Since addition of 3 ml. of water did not induce crystal- 
lization (the crystalline derivative is obtained at this point if authentic 
arabitol is used), the water was removed under a vacuum and the sample 
dried by successive distillation of four portions of benzene added to the 
residual oil. The residue was crystallized from benzene-ligroin and then 
again crystallized from this solvent mixture. The product, weighing 12.8 
mg., melted at 70—72° (authentic arabitol pentaacetate, 75-76° (9); xylitol 
pentaacetate, 61° (9); ribitol pentaacetate is not a solid (19)).1 Two 
additional crystallizations brought the melting point to 72-73°. When 
admixed with authentic L-arabitol pentaacetate, the melting points ob- 
tained were intermediate between those of the components of the mixture. 
This suggested that the isolated product might be L-arabitol pentaacetate. 

Since pL-arabitol pentaacetate is a racemic compound with a higher 
melting point than either enantiomorph, 2 mg. of the isolated material were 
recrystallized from benzene-ligroin in the presence of an equal weight of 
p-arabitol pentaacetate. The product melted at about 91°. A second 
crystallization yielded a melting point of 95.5-96.0°, identical with the 
compound prepared from the pentaacetate of commercial L-arabitol and 
the same sample of p-arabitol pentaacetate. 

Crystalline arabitol pentaacetate was also prepared from Fraction II. 
Because of the scarcity of material, a sample which melted at 68-69° was 
mixed with the p isomer. After two recrystallizations, pi-arabitol pen- 
taacetate, melting at 95.5—96.0°, was again obtained. 

For further confirmation of this evidence for the isolation of L-arabitol, 
the pentaacetate of Fraction I, which melted at 72—73°, and both of the 
above noted samples of the pL products were examined by infrared spec- 
troscopy. There was a negligible difference between the spectra of the 
L and pL products, but they were in excellent agreement with authentic 
samples. Fig. 2 shows the spectra of xylitol pentaacetate, the derivative 
of the urinary pentitol, and authentic L-arabitol pentaacetate. The identi- 
cal nature of the urinary pentitol and the L-arabitol pentaacetates is clearly 
indicated. 

C3 Experiment—In our study of the conversion of p-glucuronolactone-1- 
C to L-xylulose-5-C™ in the pentosuric subject (5), a portion of the urine 
had been stored in the frozen state for possible future use. With the new 
information that L-arabitol is excreted by this individual, the pentitol was 
isolated from 110 ml. of this urine. However, in view of the rather high 
arabitol concentration found in the previous analyses, it was believed that 
the time-consuming chromatographic separation on a Dowex 1 (borate) 
column could be omitted and that preparative paper chromatography 
would suffice. The urine was deionized on columns (1.6 X 41 cm.) of 


1 All melting points were taken on the Fisher-Johns microblock. 
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Amberlite IR-120 (H*) and Duolite A-4 (CO;"). Since evaporation of the 
filtrate yielded a crystalline residue believed to be urea, the residue was 
dissolved in water and passed through a column (1.6 K 120 cm.) of mixed 
bed resin of Amberlite IRA-410 (acetate) and Amberlite IR-120 (H+) 
(20). Evaporation yielded a colorless oil which could now be purified by 
paper chromatography. 

One portion was chromatographed with use of benzene-n-butyl alcohol- 
pyridine-water (1:5:3:3, upper layer). Several mg. of the isolated pen- 
titol were acetylated, yielding a derivative melting at 67-68°. Due to 
shortage of material, it was mixed with the p isomer and again crystallized 
to yield the pL-pentaacetate, melting at 91—92.5°. The spectrum of the 
product was identical with that of authentic arabitol pentaacetate. 


S000 2500 I250 800 CM 
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Fic. 2. Infrared spectra of pentitol pentaacetates. Top curve, xylitol penta- 
acetate; middle curve, pentaacetate of urinary pentitol; bottom curve, authentic 
L-arabitol pentaacetate. The KBr pellet technique was employed. 


Another portion of crude pentitol was purified by chromatography in 
80 per cent n-propyl alcohol and then in benzene-ethyl alcohol-water 
(4:10.1). Several mg. of apparently pure arabitol were converted to 
BaCO; by a wet combustion method (21) (carried out by Mr. D. B. Me- 
Cormick). The BaCO; was sent to Dr. Sidney Weinhouse, who kindly 
arranged for the C™ determination. It contained 0.07 + 0.01 per cent 
excess C¥, The corresponding values for the administered L-glucurono- 
lactone and the isolated L-xylulose were 0.25 and 0.125 per cent, respectively 
(5). It appears, therefore, that the L-arabitol was derived in part from 
the glucuronolactone. The difference between the isotope contents of the 
xylulose and arabitol may be due to the presence of impurity in the arabi- 
tol, or to the formation of some unlabeled arabitol from a source which 
did not contribute to the urinary xylulose. This possibility would be 
consistent with L-arabitol being an intermediate in a side path from the 
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one involving pv-glucuronate, L-xylulose, and xylitol. Although this 
experiment is not a definitive one, it may be tentatively concluded that 
p-glucuronolactone can be converted to L-arabitol in the pentosuric human, 
probably via L-xylulose. 

Arabitol in Urine of Normal Humans—Since the presence of L-arabitol in 
pentosuric urine, together with other evidence for its metabolic activity 
(see under ‘‘Discussion’’), points to a normal biochemical role for this 
substance, it was of interest to determine whether it is excreted by non- 
pentosuric humans. Two experiments were undertaken to answer this 
question. In one, p-glucuronolactone (17 gm.) was administered orally to 
a normal subject (S. O. H., female). A portion of the urine collected 
during the following 24 hours was deionized over Amberlite IR-120 (H*) 
and Duolite A-4 (CO;") and fractionated on a Dowex 1 (borate) column 
and then by paper chromatography. <A small fraction was obtained which 
appeared to be arabitol in several chromatographic tests. However, 
upon acetylation with acetic anhydride in pyridine, the recrystallized 
product melted at 90—91.5°. Since the melting point precluded its being 
the pentaacetate of xylitol, ribitol, or one of the enantiomorphic forms of 
arabitol, it was concluded that the substance was either pL-arabitol penta- 
acetate or a material of unsuspected structure. The infrared spectrum was 
determined on the remaining 1 mg. of product. Except for the absence 
of minor details of the curve, undoubtedly a result of the minimal amount 
of material used, the spectrum was essentially the same as that of an au- 
thentic sample of arabitol pentaacetate. 

The second experiment on a normal subject (D. B. M., male) involved 
the analysis of a portion of “fasting’’ urine collected before breakfast. 
Deionization over columns (1.6 X 43 em.) of Amberlite IR-120 (H*) and 
Duolite A-4 (CO;) was followed by use of a column (1.6 X 43 cm.) of 
Amberlite IRA-410 (acetate) plus Amberlite IR-120 (H*) mixed bed 
resin to reduce the amount of the urea before chromatographic fractiona- 
tion. The analysis of the eluates from the Dowex 1 (borate) column is 
shown in Fig. 3. After a preliminary screening by paper chromatography, 
several fractions between 420 and 560 ml. were pooled, freed from sodium 
borate, and purified by preparative paper chromatography in benzene-n- 
butyl alcohol-pyridine-water (1:5:3:3, upper layer). The purified ma- 
terial appeared to be arabitol in tests similar to those used in studying the 
pentitol isolated from pentosuric urine. It was acetylated with acetic 
anhydride in pyridine to yield a recrystallized product melting at 89-90.5°. 
Too little material remained to allow further recrystallization, but its 
infrared spectrum was identical with that of authentic arabitol pentaace- 
tate. 

In both of these experiments, all paper chromatographic comparisons 
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indicated that the urinary constituent was a pentitol, probably arabitol. 
In view of the melting points and infrared spectra of the acetylated prod- 
ucts, the conclusion appears inescapable that both isomers of arabitol 
were excreted by the two normal subjects. The one experiment with 
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Fig. 3. Fractionation of normal urine (150 ml.) on a Dowex 1 (borate) column 
(1.1 X 35 ecm.). The eluent was 600 ml. of 0.004 m Na2B,O;-0.08 m H;BO;, 100 ml. 
of 0.005 m Na2B,0:, 100 ml. of 0.01 m Na2B,O;, 300 ml. of 0.02 m Na2B,O;, and then 
300 ml. of 0.04 m Na,:B,O;. Every third 10 ml. fraction was analyzed. The symbols 
are the same as those in Fig. 1. 


glucuronolactone suggests that the amount of L-arabitol excreted is not 
greatly influenced by the administered substance. 

The amount of arabitol found was about 50 mg. per liter of urine col- 
lected after fasting of subject D. B. M. and about 30 to 50 mg. in the 24 
hour specimen of subject S. O. H. after glucuronolactone ingestion. 


DISCUSSION 


The finding of L-arabitol was unexpected, since only the p isomer is 
reported to occur in nature. p-Arabitol has been found in lichens (22, 23), 
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mushrooms (24), uredospores of wheat germ rust (Puccinia graminis 
tritici) (25), and in yeast non-fermented residue of Cuban blackstrap 
molasses (26). Free ribitol has been isolated from two plants (Adonis 
vernalis and Bupleurum falcatum) (27-29) and in the honeydews produced 
by three species of wax scale insects of the genus Ceroplastes (30). Com- 
bined ribitol is found in cytidine diphosphate ribitol (31) and in ribo- 
flavin, the riboflavin yielding the free polyol when treated with a hydrolase 
obtained from Pseudomonas riboflavina (32). There is apparently no 
report of the occurrence of xylitol in nature. It should be pointed out, 
however, that this pentitol probably occurs in small amounts in mammals 
as a metabolic intermediate. The procedures employed in the present 
work would not have detected trace quantities of xylitol in the presence of 
relatively high concentrations of arabitol. 

Although many bacterial and mammalian polyol dehydrogenases utilize 
pentitols as substrates, L-arabitol rarely is reactive. It is dehydrogenated, 
apparently to L-ribulose, by an organism tentatively identified as a fluores- 
cent species of Pseudomonas (33), and it is a substrate for a preparation of 
the non-particulate polyol dehydrogenase of liver (34). The latter report, 
on the enzyme discovered by Blakley (35), is in apparent disagreement with 
a similar test of L-arabitol made by previous workers (36). However, 
Dr. Williams-Ashman (private communication) informed us that the L- 
arabitol response appears to be due to a separate enzyme frequently present 
in preparations of the Blakley polyol dehydrogenase, which acts upon p- 
sorbitol, L-iditol, ribitol, and xylitol, forming D-xylulose from the latter 
pentitol (34, 36). We have indeed found that an extract from rat liver 
catalyzes the reduction of diphosphopyridine nucleotide by L-arabitol and 
that the ratio of activity towards this polyol and p-sorbitol is not constant 
for preparations of different purity. Attempts are being made to charac- 
terize the oxidation product of L-arabitol. 

L-Arabitol is one of the two possible reduction products of L-xylulose, 
xylitol being the other. It is possible that L-xylulose normally formed 
from p-glucuronate and L-gulonate is metabolized not only via the xylitol- 
b-xylulose pathway but also through tL-arabitol. Although injected 
xylitol-1-C yields a labeling pattern in liver glycogen in complete accord 
with its being metabolized via the pentose phosphate pathway (13), 
L-arabitol-1-C gives a very different pattern,? one which seems unex- 
plainable in view of known enzymatic reactions in mammals. If an L- 
xylulose-L-arabitol pathway exists, its possible function is beyond specu- 
lation at this time. Furthermore, it would be hazardous to conclude, 
from the one relevant experiment on a normal subject reported in this 
paper, that p-glucuronolactone administration has no effect whatsoever on 
L-arabitol excretion. The two experiments on normal individuals indicated 


2 McCormick, D. B., and Touster, O., unpublished results. 
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only that the urine samples analyzed contained appreciable quantities of 
the two forms of arabitol. It might be suggested that the L-arabitol is a 
metabolic intermediate, whereas the p-arabitol is derived from the diet, 
since, as indicated above, the p isomer has been found in some plants. 
Further work is necessary to evaluate these suggestions. 

The relationship of L-arabitol excretion to the fundamental biochemical 
defect in congenital pentosuria remains to be determined. Previous studies 
(3) indicate that the subject used in the present investigation is a typical 
example of this condition. 


We are greatly indebted to Dr. J. R. Lawson, Tennessee Agricultural 
and Industrial University, for the infrared spectra. We acknowledge the 
able assistance of Robert W. Lightfoot in some of the analytical work. 


SUMMARY 


Chromatographic examination of deionized pentosuric urine, based 
on analyses for non-sugar periodate-reacting material, disclosed the pres- 
ence of a considerable amount of a pentitol. Paper chromatographic 
analysis suggested that the substance was arabitol. Acetylation yielded 
arabitol pentaacetate as identified by melting point tests and infrared 
spectroscopy. Formation of pL-arabitol pentaacetate, when it was re- 
crystallized with the p isomer, demonstrated that the urinary product 
was the L isomer. This isolation from pentosuric urine appears to be the 
first time that L-arabitol has been found in nature. The amount excreted 
by the pentosuric subject was several hundred mg. per day. 

Isotopic analysis of the L-arabitol isolated from the urine of a pentosuric 
subject given p-glucuronolactone-1-C™ suggests that the pentitol can be 
formed from this substance. The possibility that L-arabitol lies on a 
side path from the p-glucuronate-L-xylulose-xylitol pathway was discussed. 

Analysis of the urine of two normal subjects led to the isolation of small 
amounts of material which appeared to be pi-arabitol. 
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A MICROCHEMICAL METHOD FOR THE DETECTION 
AND DETERMINATION OF SHIKIMIC ACID* 


By M. K. GAITONDE ann MALCOLM W. GORDON 
(From the Biochemical Laboratories, Institute of Living, Hartford, Connecticut) 


(Received for publication, August 12, 1957) 


In certain microorganisms, shikimic acid has been shown to be a precursor 
for the biosynthesis of aromatic amino acids (1). Tracer experiments with 
cell-free extracts of Escherichia coli have revealed that shikimic acid is 
formed from uniformly labeled glucose (2). In view of the reports (3) 
of the biosynthesis of aromatic amino acids from glucose in infant mouse 
brain, an investigation was begun to determine whether central nervous 
tissue synthesizes shikimic acid or some analogous compound from glucose. 
The present report describes some observations on the oxidation of shikimic 
acid by periodic acid, and the application of this reaction to the quantitative 
determination of shikimic acid. 

Methods 

Oxidation of Shikimic Acid with Periodic Acid—Shikimic acid is oxidized 
by periodic acid to give trans-aconitic acid and a dialdehyde (4). Since 
trans-aconitic acid can be determined spectrophotometrically, after treat- 
ment with acetic anhydride and pyridine (5), a possible method for measure- 
ment of shikimic acid was suggested. Preliminary efforts to adapt this 
method to the quantitative determination of the oxidation products of 
shikimic acid were unsuccessful because of the presence of the excess peri- 
odic acid. The excess periodic acid was, therefore, removed by the addi- 
tion of a saturated solution of barium hydroxide. It was noted that, when 
such a solution is allowed to stand, an intense yellow color develops. In- 
vestigations showed that this yellow color is not due to some breakdown 
product or derivative of periodic acid formed in the presence of barium 
hydroxide, but required the presence of certain oxidizable compounds in 
the reaction mixture. Later it was found that in the above reaction barium 
hydroxide could be conveniently replaced by sodium hydroxide. Of the 
many biologically important compounds tested only shikimic acid, quinic 
acid, and tryptophan produce a yellow color under alkaline conditions, 
after treatment with periodic acid. The formation of the yellow color from 


* This investigation was supported, in part, by the Medical Research and Devel- 
opment Board, Office of the Surgeon General, Department of the Army, under con- 
tract No. DA-49-007-MD-204. 
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shikimic acid, which may be characteristic of the dialdehyde formed, was 
made the basis of the analytical method to be described. 

Paper Chromatography of Shikimic Acid and Other Related Compounds— 
Shikimic acid may be detected on paper chromatograms (Whatman No. 1) 
by its absorption of ultraviolet light or by a spray reagent. The following 
two solvent systems were used: (1) acetic acid-ethyl acetate-water (10:30: 
30, top layer, and (2) acetic acid-n-butanol-water (10:40:50, top layer). 
Amounts of less than 20 y are not detectable in ultraviolet light, but the spray 
reagent reveals quantities of the order of 5 y of shikimic acid. For this 
purpose papers were dried by air and then heated in an oven (60—70°) for } 
hour and sprayed with 0.1 per cent periodic acid, followed by a spray with 
benzidine reagent B, prepared according to Cifonelli and Smith (6). Shi- 
kimie acid and other compounds that are oxidized by periodic acid are 
revealed as white spots against a blue background of the chromatogram. 
In addition to the carbohydrates and their phosphate esters, the following 
compounds can be detected with this spray reagent: quinic acid, gallie 
acid, cysteine, methionine, ascorbic acid, glyoxal, inositol, cytidine, ATP} 
TPN, and DPN. If the chromatograms are allowed to age overnight, the 
white spots given by hexoses turn yellow and those given by pentoses turn 
brown. 


EXPERIMENTAL 


Determination of Shikimic Acid—To the test solution (3 ml.) containing 
2 to 10 y of shikimic acid, 0.5 ml. of a 1 per cent solution of periodic acid 
(HIO,-2H,O) is added, with mixing. After 3 hours the solution is made 
alkaline by the addition of 0.5 ml. of 1 Nn NaOH, mixed, and 0.3 ml. of 0.1 
M glycine is immediately added to stabilize the color. The contents of the 
tube are mixed and the optical density of the solution at 380 my is measured 
within 10 minutes after the addition of NaOH. All solutions must be 
filtered before use. Stock solutions of periodic acid and glycine give re- 
producible results in this reaction for a period of 2 weeks if they are stored 
in the cold. 


Effects of Various Factors on Optical Density of Oxidized Shikimic 
Acid Solution 


Spectrum of Reaction Mixture—The alkaline reaction mixture has a 
maximal absorption at 380 my (lig. 1) and a molar extinction coefficient 
of 4.76 X 104 (calculated as shikimic acid). 

Effect of pH—The optical density of the reaction products of shikimic 


1The following abbreviations are used: ATP, adenosine triphosphate; TPN, 
triphosphopyridine nucleotide; DPN, diphosphopyridine nucleotide; TPP, thiamine 
pyrophosphate; TCA, trichloroacetic acid. 
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acid (10 y) was measured at 380 my at several pH values in the alkaline 
range. There is little or no absorption below pH 9.0. An increment in 
optical density is observed at pH 9.5 and the optimal value is reached 
between pH 11 and 12. 

Amount of Periodic Acid—The absorption obtained from a known amount 
of shikimic acid (0.19 * 10-4 M) increases as the molar concentration of 
periodic acid is changed from 15 X 10~‘ to 73 X 10-*m. In this concentra- 
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Fic. 1. Absorption curve of the oxidation products of shikimie acid. Conditions 
as described in the text under “Determination of shikimic acid.” 

Fic. 2. Curve showing the effect of the concentration of periodic acid on the 
optical density of the oxidation products formed from shikimie acid. Conditions 
as described in Fig. 1, except for the amount of periodic acid. 


tion interval the optical density increased some 60 to 90 per cent. There 
is no further increment in the absorption with additional quantities of 
periodic acid (Fig. 2). 

Effect of Glycine—The yellow color developed after addition of sodium 
hydroxide to the oxidized shikimic acid is not very stable. The fall in 
absorption, which is approximately linear during the first 10 to 15 minutes, 
is so rapid (Fig. 3, Curve A) that the method cannot be employed for quanti- 
tative determinations unless the time factor is rigidly controlled. Attempts 
to stabilize the optical density by changing the pH of the solution were not 
successful. However, addition of glycine (0.1 mM) to the alkaline solution 
stabilized the color and gave a 12 per cent increment in the initial optical 
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density (Fig. 3, Curve B). This enabled samples to be measured within 
10 minutes after color development with a reproducibility of 3 to 4 per 
cent. The quantities of glycine greater than those recommended, or 
addition of glycine before the addition of alkali, reduces the absorbance of 
the solution considerably. In the latter case the absorbance is reduced by 
per cent. 

Rate of Oxidation of Shikimic Acid with Periodic Acid—Periodic acid 
was allowed to react with shikimic acid (10 y) at room temperature for 
different time intervals, and the extent of oxidation of shikimic acid was 
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Fig. 3. Curve showing the effect of glycine on the optical density of the oxidation 
products of shikimic acid. Curve A, no glycine added; Curve B, glycine added. 
Conditions as described in Fig. 1. 


determined according to the procedure described above. Under these 
conditions some 3 hours are required for the maximal reaction (Fig. 4). 

Beer’s Law—The absorbance of the reaction mixture is proportional to 
an original concentration of 1 to 7 y per ml. of shikimic acid (Fig. 5). 
With larger amounts of shikimic acid it was found convenient to dilute to 
concentrations in this range. Under the conditions described it is possible 
to detect the oxidation products of shikimic acid at concentrations as low 
as 0.3 y of shikimic acid per ml. of solution. 

Specificity of Reaction—The structural analogy of quinic and gallic acids 
to shikimic acid suggested that these compounds might also react in a 
manner similar to shikimic acid. Gallic acid gives an immediate yellowish 
brown color, which darkens upon addition of NaOH. Quinic acid produces 
a pale yellow color only upon the addition of alkali; the absorption peak 


|| 


M. K. GAITONDE AND M. W. GORDON 1047 


is at 380 my, and the maximal absorption is reached 20 to 25 minutes after 
the addition of NaOH. During this period: the molar extinction coeffi- 
cient (for quinic acid), which is 0.33 X 10‘ at zero time, increases to 1.65 X 
10°. When the presence of quinic acid in solutions is suspected, shikimic 
acid can be determined with a reproducibility of 6 to 7 per cent by measur- 
ing the optical density of the solution immediately after the addition of 
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Fic. 4. Curve showing the optimal time required for the maximal reaction of 
shikimic acid with periodic acid, as measured from the optical density of the oxida- 
tion products at 380 my. Conditions as described in Fig. 1, except as indicated in 
the above figure. 

Fic. 5. Curve showing the proportionality between the concentration of shikimic 
acid and the optical density of the oxidation products at 380 mp. Conditions as 
described in Fig. 1. 


NaOH and glycine, before significant color production from the quinic 
acid. 

The following series of compounds were tested according to the procedure 
described at 1 mg. levels: (a) the common amino acids,’ glycocyamine, 
glutathione, glucosamine, and histamine; (b) arabinose, xylose, ribose, 
fructose, glucose, galactose, lactose, maltose, and sedoheptulose, and the 


_ phosphate esters of these sugars; (c) citric, oxalacetic, malic, succinic, 


? Aspartic acid, glutamic acid, serine, glycine, threonine, alanine, tyrosine, tryp- 
tophan, valine, methionine, phenylalanine, leucine, isoleucine, glutamine, histidine, 
lysine, arginine, proline, hydroxyproline, cyst(e)ine, homocyst(e)ine, ornithine, 
citrulline, taurine. 
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a-ketoglutaric, lactic, and cis- and trans-aconitic acids; (d) adenine, guanine, 
thymine, cytosine, uracil, thymidine, cytidine, uric acid, orotic acid, 
nicotinic acid, ATP, TPN, DPN, and TPP; (e) glycolic acid, adrenaline, 
and inositol. Of these, only those listed in Table I had any measurable 
effect on the reaction. The absorbance obtained from 10 y of most of these 
compounds was negligible. 

In the presence of glutathione and adrenaline (10 7), only 42 to 46 per 
cent of the added shikimic acid can be accounted for. Ascorbic acid (1 
mg.) completely inhibited the reaction and no shikimic acid is detectable 


TABLE I 
Reaction of Various Compounds with HIO, 
Compound Addition of HIO, Action of oxidized of fon at 
per cent 
Shikimie acid No color Yellow 100 
Quinic acid 7 
Gallic ‘“ Yellowish brown Dark brown 3 
Tryptophan Gradual pale yellow Yellow 2 
color 
Adrenaline Yellowish — pink Brown 4 
Methionine Gradual pale yellow Color disappears Nil 
Cysteine Immediate yellow color 
Cystine Gradual pale yellow "5 
TPN No color Intense yellow 2 
TPP Pale yellow 6 


in the solution. Gallic acid (10 y) reduces the absorbance by 10 per cent, 
whereas quinic acid (10 7) and tryptophan (10 y) increase it by 5 to 12 
per cent. Compounds like TPN, DPN, and TPP give a positive reaction 
but do not inhibit the reaction with shikimic acid, and 10 y of most of the 
other compounds examined increased the optical density of the solution 
by 6 to 7 per cent in the determination of shikimic acid. 


Application of Method to Tissue Extracts 


As TCA (10 per cent) was used for the precipitation of the tissue proteins, 
preliminary experiments were carried out to note the effect of TCA on the 
recovery of shikimic acid from an aqueous solution. Only 13 per cent of 


the added shikimic acid can be accounted for in the presence of TCA. 
When TCA was removed by four separate ether extractions of the acid 
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solution, the shikimic acid reacted quantitatively. Hence in all subsequent 
experiments in which TCA was used as a protein precipitant, the tissue 
extracts were washed with ether. | 

Protein-free filtrates of rat tissues were analyzed for shikimic acid. 
However, only fractions of added shikimic acid could be accounted for in 
the presence of such tissue extracts. 

The interfering substances in the tissue extracts could not ee removed by 
use of cation or anion exchange resins or by heat treatment of the extracts. 
It is not probable that ascorbic acid in the tissue extract can be the main 


TaBLe II 
Recovery of Shikimic Acid from Tissue Extracts 


Direct measurement on decationized After paper chromatography of tissue 
tissue extract extract 
Tissue 
Shikimic acid Recovery of Shikimic acid Recovery of 
equivalent of 10 y of equivalent of 10 Y of 
tissue extract shikimic acid tissue extract shikimic acid 
(A) (B) (C) (D) 
y per gm. lissue per cent y per gm. bissue per cent 
Liver... ... 9 16 4.1 22 
Kidney... 1.5 65 1.2 105 
Muscle... .. 3.8 69 2.9 71 
2.1 68 1.5 97 
Lung. . Pei 2.0 69 2.4 103 
Heart . 2.3 49 2.5 95 
Blood (per mal. * 1.1 67 1.6 100 


The results given in Column A are corrected for tissue blanks (no periodic acid 
added). 


cause of the low reactivity of shikimic acid because the ascorbic acid content 
of the tissues tested is below the limits which inhibit the reaction in pure 
solution. 

However, application of paper chromatographic methods gave quantita- 
tive recoveries of shikimic acid added to tissue extracts. Of the solvent 
systems tested, only the acetic acid-ethyl acetate-water system, which 
separates shikimic acid (R, 0.52) from quinic acid (R, 0.36), and ascorbic 
acid (R» 0.46), gave good recoveries. The following procedure was finally 
adopted for the determination of shikimic acid in tissue extracts. 

The ether-washed TCA extract (0.5 gm. of tissue) is heated for 1 hour in 
a boiling water bath and filtered if necessary. The clear filtrate is passed 
through a Permutit Q (H form) column. The effluent together with water 
washings are collected and taken to dryness in vacuo. The residue is 
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transferred on to the Whatman No. 1 paper for chromatography with the 
acetic acid-acetate system. 

After development of the chromatograms (about 18 inches), the papers 
were dried and the position of shikimic acid was determined by spraying 
a guide strip. Comparable areas on companion strips were eluted with 
water, the eluates were centrifuged, and an aliquot of the supernatant 
solution was treated according to the usual procedure. The results of a 
typical experiment given in Table II show that the recoveries of shikimic 
acid are low when the method is applied to decationized tissue filtrates 
directly; liver extracts give the lowest recovery (16 per cent). However, 
paper chromatography removes the interfering substances from the 
extracts of the tissues tested with the exception of those from liver and 
muscle. Tissue extracts treated (as above) give some absorption at 380 
muy; the values in Column A are these absorption values converted to shi- 
kimic acidequivalents. The lower valuesobtainedinColumnC undoubtedly 
reflect the removal of various substances (e.g. TPN and DPN) bychromatog- 
raphy, which react in the test. In Column B are recoveries of shikimic 
acid added to ether-washed TCA extracts of tissues, and in Column D 
are recoveries from such extracts after paper chromatography. 

It appears from these results (Column C) that there are small amounts 
of substances in tissue extracts which have the same R, as that of shikimic 
acid, and which give the shikimic acid test. The nature of these sub- 
stances is under study. 


SUMMARY 


A method has been described for the detection and quantitative deter- 
mination of shikimic acid. Under suitable conditions the method can be 
used for the determination of quinic acid also. 

The method is not applicable to tissue extracts directly. However, 
paper chromatography separates various interfering compounds from 
shikimic acid. Elution of the shikimic acid from paper chromatograms 
permits its quantitative determination, by the method described, in all 
tissues with the exception of liver and muscle. 
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THE COLORIMETRIC DETERMINATION OF URINARY LIPASE* 
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With the use of titrimetric (1), manometric (2), stalagmometric (3), 
and colorimetric (4, 5) techniques, the esterase and lipase activities of 
sera and many tissues have been measured by employing a wide variety of 
substrates (6). The vast amount of data that resulted from these studies 
contains numerous discrepancies in the behavior of these esterolytic en- 
zymes, which are still unexplained. Two facts seem to be generally ac- 
cepted. First, the ideal substrates for lipase appear to be either monoesters 
or glycerides of long chain fatty acids, whereas non-specific esterase acts 
optimally on simple esters of short chain carboxylic acids (7, 8). Never- 
theless, extensive overlapping exists as demonstrated by the ability of 
esterase to hydrolyze naphthy] laurate and lipase to hydrolyze tributyrin. 
This fact is probably the main reason for the considerable confusion. 
Secondly, among numerous compounds which inhibit or accelerate estero- 
lysis, sodium taurocholate is the one most suited for the differentiation of 
esterase from lipase because of its inhibitory action on esterase and its 
accelerating effect on lipase. By utilizing these two facts, a colorimetric 
method was developed for the determination of esterase and lipase in the 
serum of dog and man with 8-naphthyl laurate as the substrate (9). After 
enzymatic hydrolysis, the free 8-naphthol was converted to a colored azo 
dye by the addition of a diazonium salt. The insoluble pigment was 
extracted with ethyl acetate, and the color measured in a photoelectric 
colorimeter. The values obtained in the absence of sodium taurocholate 
were a measure of non-specific esterase activity. If lipase was present in 
the serum, the color density in the tube with taurocholate was greater, and 
the difference between the two represented the amount of lipase. In 50 
normal human sera, lipase was not present in measurable quantities with 
the use of this method, whereas in certain pathological sera lipase was 
found (10). Admittedly, small amounts of lipase may be overlooked be- 
cause the inhibition of esterase by the taurocholate may be almost equaled 
by its acceleration of a small amount of lipase, although the net effect, 


* This research was supported by a grant (No. H-2032) from the National Insti- 
tutes of Health, Public Health Service, United States Department of Health, Educa- 
tion, and Welfare. 
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however, still yields more hydrolyzed substrate in the tube without the tau- 
rocholate; hence, no lipase would be measurable in such a serum. Al- 
though the principle used in this test limits the sensitivity, neverthe- 
less the colorimetric method can identify one-fourth that amount of 
serum lipase which represents the lower limit of measurement by the 
standard titrimetric method, and this is accomplished in one-fifth the 
incubation time. Attempts to increase the sensitivity of the colorimetric 
serum lipase test are under investigation. 

While a great deal of work has been done with serum and tissues, the 
esterolytic activity of urine has been largely neglected. The few references 
to urinary lipase have been conflicting in that it has been reported as both 
present and absent in normal human specimens (11-14). Part of the 
discrepancy probably arises from the fact that the investigators were using 
different substrates, but even more important is the fact that they were 
actually measuring non-specific esterase and not lipase activity. After 
the development of the more sensitive and specific colorimetric method for 
serum lipase (9), examination of normal human urines with the same sub- 
strate revealed large and relatively constant amounts of lipase (15). 
Many of the normal values for lipase in units per cc. of urine were in excess 
of the highest values obtained in abnormal sera. 

Shortly after we began to study urinary lipase with this method, it be- 
came apparent that B-naphthy] laurate was not the ideal substrate. The 
findings that led us to this conclusion, and our modification of the method 
toward greater accuracy and sensitivity, will be reported in this publica- 
tion. 


Materials and Methods 


Reagents— 

1. The acetate, caprylate, caprate, laurate, myristate, and palmitate 
esters of 2-naphthol were used in the following experiments.! The syn- 
theses of these compounds have been described previously (5, 8). Stock 
solutions were prepared by dissolving 2 mg. of substrate per cc. of acetone. 
These could be stored at 4° for several months without significant spon- 
taneous hydrolysis. | 

2. 0.1 m Veronal buffer, pH 7.4, was prepared according to Michaelis 
(16) by mixing 58 cc. of a solution containing 10.3 gm. of sodium diethyl- 
barbiturate in 500 cc. of water with 42 cc. of 0.1 mM hydrochloric acid. 
When the buffer of this molarity was stored at 4°, precipitation of the 
barbiturate occurred frequently. In order to prevent this, equal amounts 
of water were added to the buffer, changing its concentration to 0.05 M. 
This could be stored in the refrigerator for as long as 1 month. 


1 These substances may be obtained from the Dajac Laboratories, Borden Chem- 
ical Company, 5000 Langdon Street, Philadelphia, Pennsylvania. 
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3. Sodium taurocholate solution (8 X 10-? M) was prepared by dissolving 
890 mg. in 100 ce. of water, and stored at 4°-for no longer than 2 months. 

4. Calcium chloride (2.7 10-* m). 

5. Tetrazotized diorthoanisidine® was dissolved in cool tap water imme- 
diately before use to give an approximate concentration of 4 mg. per cc. 

6. Trichloroacetic acid solution (40 per cent). 

7. Ethyl acetate. 

Preparation of Substrate Solution—When the reactions were to be per- 
formed, 5 cc. of the acetone-substrate mixture were added through a 
submerged pipette into an aqueous solution containing 40 ec. of the Veronal 
buffer, 1 cc. of the calcium chloride solution, and 54 ce. of water. <A faintly 
cloudy solution was produced with all but the naphthyl acetate, which is 
completely soluble in water at this concentration of 0.1 mg. per cc. 

Technique—Equal amounts of the enzyme were added to each of four 
test tubes, two of which contained 1 cc. each of sodium taurocholate solu- 
tion and the other two an equal amount of water. After standing 5 to 10 
minutes, 5 cc. of the freshly prepared buffer-substrate mixture were added 
to each tube. Control tubes containing the same reagents, but without 
any enzyme, were also prepared. The incubations were carried out at 
37° for the times specified in the experiments. At the end of this period, 
1 cc. of a fresh solution of tetrazotized diorthoanisidine was added to each 
tube. This was followed in 2 to 3 minutes by 1 cc. of 40 per cent trichloro- 
acetic acid. The insoluble pigment was extracted by vigorously shaking 
each tube with 10 cc. of ethyl acetate. The tubes were then centrifuged 
for 10 minutes at 2000 r.p.m. and 5 ce. of the colored organic layer were 
transferred with a pipette to a colorimeter tube. The color density was 
then determined with the Klett-Summerson photoelectric colorimeter 
with a 540 mu filter. 


EXPERIMENTAL 


Action of Urine on B-Naphthyl Laurate—During the early experiments 
on the effect of enzyme concentration upon the rate of hydrolysis of 
8-naphthy] laurate an unexpected finding was noted. As the amounts of 
urine were increased from 0.2 to 2 cc., the lipase values did not rise con- 
comitantly. In fact, at certain urine volumes lipase was absent, whereas 
it had been found in the same urine at both smaller and larger volumes. 
This suggested the presence of some substance in the urine which interfered 
with lipase activity at a specific concentration.’ It was noted further that 


? This diazonium salt is known as Naphthanil Diazo Blue B (E. I. du Pont de 
Nemours and Company, Inc.), or Fast Blue BB Salt (General Aniline and Film Cor- 
poration). 

* Evidence for the existence of an antilipase in serum has been reported previously 
(8). This was shown by the fact that the esterolytic activity of 10 7 of pancreas on 
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different urines contained varying amounts of this lipase inhibitor (anti- 
lipase). Although a given urine might show 15 units of lipase per cc., the 
depressing effect of the lipase inhibitor could not be determined, and, be- 
cause the amount of antilipase varied from specimen to specimen, any 
value obtained for urinary lipase with use of 8-naphthyl laurate as a 
substrate would be inaccurate. These points are illustrated in Fig. 1, 
which records the lipase activities with increasing amounts of the urines of 
five normal individuals. It is apparent that if a volume of 1 cc. were used 
for a 1 hour incubation period, two of these five urine specimens would 
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CUBIC CENTIMETERS OF URINE 


Fic. 1. Measurement of urinary lipase in five normal subjects. Varying amounts 
of urine were incubated with 8-naphthyl laurate at pH 7.8. The recorded values 
for lipase represent the differences between the hydrolytic activity of the enzyme in 
the absence or presence of sodium taurocholate. The validity of this characteriza- 
tion of lipase is given elsewhere (9). It may be seen that with 0.2 cc. of urine, all 
five individuals showed lipase, while at 1 cc. only three were positive. 


not demonstrate any lipase activity, whereas if 0.2 cc. were used, all 
would show lipase. 

Because this lipase inhibitor is effective in a narrow range of concentra- 
tion, it seemed advisable to decrease the amount of urine used and increase 
the incubation time. This could be done so that linear relationship 
resulted between the enzyme concentration and the amount of 6-naphthol 


B-naphthyl laurate was 7 times greater than when 0.2 cc. of serum was added to the 
pancreas. Little difference in esterolysis was observed, however, in the presence of 
sodium taurocholate. We do not feel that this evidence justifies acceptance of the 
existence of an antilipase in serum, but rather that the large amount of esterase 
present in 0.2 cc. of serum masked the lipolytic activity of the pancreas in the ab- 
sence of a lipase activator. 


| 
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liberated under the stimulation of taurocholate when 6-naphthyl laurate 
was used as the substrate. However, when the amount of urine used 
ranged from 0.01 to 0.05 cc., the period of incubation was 5hours. Further- 
more, because the possibility remained that some patient might have an 
excess of antilipase which would influence the lipase determination, even 
at this low enzyme concentration, a search for a more sensitive substrate 
seemed indicated. 


250 37° INCUBATION FOR 150 MINUTES 
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CUBIC CENTIMETERS OF URINE 


Fic. 2. Measurement of the hydrolytic activity of urine upon several fatty acid 
esters of 8-naphthol in the presence of sodium taurocholate. The antilipase effect 
is noted on the myristic and palmitic esters, but not on the other fatty acid esters 
at the concentrations of urine which were employed. 


Action of Urine on Variety of Naphthyl Esters—While working with the 
different esters of B-naphthol, it became apparent that the substance in 
urine which interfered with the accurate measurement of lipase had less 
effect on the lower fatty acid esters than on the higher ones. Presumably 
this was due to the fact that, for the same incubation period, much less 
urine was needed to hydrolyze the esters with the smaller number of carbon 
atoms. This point is illustrated in Fig. 2. When the incubation period 
was kept constant and the amounts of urine were varied (Fig. 2), the 
caprylate, caprate, and laurate esters were hydrolyzed in proportion to the 
amount of enzyme present, but the quantities of urine used were very low. 
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~When a 0.2 cc. volume was reached, the antilipase effect would be demon- 
strated with both the myristate and the palmitate esters. Because the 
acetate ester was so readily hydrolyzed by esterase, it seemed inadvisable 
to select this compound as the substrate for lipase determination, even 
though urine contains only a small amount of esterase. Therefore, atten- 
tion was directed toward 8-naphthyl caprylate. The urines of normal 
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CUBIC CENTIMETERS OF URINE 


Fic. 3. Demonstration of the action of antilipase on dialyzed urine. The anti- 
lipase agent was obtained by boiling 100 cc. of the fresh urine down to a 10 cc. volume. 
Solution A was prepared by adding 5 cc. each of dialyzed urine and water. Solutions 
B, C, and D were prepared in a similar manner except that 1, 2.5, and 5 cc. of boiled 
urine were added, respectively, in place of the equivalent volumes of water. Curve 
A (Solution A) shows the hydrolytic action of dialyzed urine alone on 8-naphthy! 
laurate. Curves B, C, and D (Solutions B, C, and D) demonstrate the effect of add- 
ing progressively increasing amounts of boiled urine (antilipase) to the dialyzed 
urine. 


individuals were tested with amounts varying from 0.1 to 0.5 cc. and, in all, 
the lipase values rose progressively with the urine volumes. Thus, the 
volume of 0.1 cc. of urine incubated for 3 hours at 37.5° with 6-naphthyl 
caprylate in the presence of taurocholate was selected as the optimal 
method for measuring urinary lipase. A report of the normal range, and 
some findings in patients with a variety of diseases, will be presented 
elsewhere. 

Lipase Inhibitor—The characteristics of the non-protein antilipase 
substance in urine were investigated further. After dialysis for 18 to 24 
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hours, urines which showed activities similar to those seen in Fig. 1 were 
changed to those which demonstrate proportionality between enzyme 
concentration and the amount of hydrolytic product. The inhibitory 
effect seen in the undialyzed urine was absent. It was anticipated that 


Fic. 4. Antilipase effect of boiled urine on pancreatic lipase. Solution A was 
prepared by adding 5 cc. of water to an equal volume of pancreatic homogenate (0.02 
mg. wet weight per cc.). Solutions B, C, and D contained the same amount of ho- 
mogenate with 1, 2.5, and 5 cc. of boiled urine added, respectively, in place of the 
equivalent volumes of water. The inhibitory effect of increasing amounts of anti- 
lipase on the hydrolytic action of pancreatic lipase is demonstrated. The similarity 
between the slopes of these curves and those of urinary lipase (Fig. 3) is apparent. 

Fig. 5. Effect of the hydrogen ion concentration on the hydrolytic activity of 
dialyzed urine and pancreatic homogenate upon 8-naphthyl caprylate. The enzyme 
sources were obtained from the same patient. Concentration of dialyzed urine was 
0.1 cc. and pancreas homogenate 0.025 mg. wet weight per cc. Incubation time, 2 
hours at 37°. 


dialyzed urine could be made to behave like fresh urine, if the antilipase 
substance were returned to it. This was tested by boiling 100 cc. of fresh 
urine until a 10 cc. volume was reached, thus destroying all the enzyme 
action, and then by addition of increasing amounts of the boiled urine to 
another aliquot of the same urine specimen which had been dialyzed for 18 
hours. All solutions were made up to the same final volume by adding 
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water in order to maintain equal enzyme concentrations. With increasing 
amounts of boiled urine (Fig. 3) the slope of the curve indicating lipase 
activity of dialyzed urine became increasingly depressed, resembling the 
behavior of fresh urine. Thus, this antilipase activity is retained by boiled 
urine. 

Attempts to remove antilipase from the urine by means other than 
dialysis have not been successful. Extraction with ether or butyl] alcohol, 
adsorption with charcoal or aluminum hydroxide, passage through several 
resin columns, and selective precipitation with ammonium sulfate did not 
effect a satisfactory separation of the enzyme from its inhibitor. 


Tas_Le 
Hydrolytic Action of Urinary and Pancreatic Lipase upon Several Chromogenic Fatty 
Acid Esters 
Substrate Dialyzed Urine Pancreas 
B-Naphthyl ester of (cole | Per cent Per cent 
Caprylic acid (C8)........ 700 424 1290 469 
Caprice acid (C10)......... 370 224 690 251 
a 165 100 275 100 
Myristic acid (Cl4)....... 40 23 60 22 
Palmitic ‘‘ (C16)....... 20 13 27 10 


* The lipase activity (color density) represents the difference between the amount 
of free naphthol which is liberated enzymatically with and without sodium tauro- 
cholate in the incubation media. The evidence supporting this concept has been 
given elsewhere (9). The concentration of the naphthyl esters was 0.1 mg. per cce., 
at pH 7.8, and the time of incubation was 2 hours at 37°. The urine was dialyzed 
for 15 hours and 0.2 cc. was used for each determination. The freshly prepared 
homogenate of pancreas contained 0.01 mg. wet weight per cc. and 1 cc. was used. 
The hydrolytic activity upon the laurate ester was considered as 100 per cent. 


Urinary and Pancreatic Lipase—In numerous experiments which utilize 
pancreatic homogenates to hydrolyze the naphthy! esters of all the pre- 
viously mentioned fatty acids, stimulation of enzyme activity by sodium 
taurocholate was always noted. Regardless of the concentration of enzyme 
used, it was not possible to duplicate the kinetics observed with normal 
urines. Thus, the question arose as to whether pancreatic and urinary 
lipases were different enzymes or whether the differences in their behavior 
were simply due to the presence of the antilipase substance in the urine. 
The evidence in favor of their being the same may be listed as follows: 
(1) when antilipase is removed from urine by dialysis the kinetics resemble 
those of pancreas; (2) pancreatic lipase can be made to resemble urinary 
lipase by the addition of boiled urine; (3) lipase activity from the two 
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sources is similar over a wide pH range; (4) the hydrolytic action of urinary 
and pancreatic lipases upon various fatty acid ésters of 8-naphthol is almost 
identical. The experiments which support the last three statements are 
illustrated in Figs. 4 and 5 and in Table I. With increasing amounts of 
antilipase (boiled urine), the shape of the curve measuring pancreatic 
lipase activity simulates that of fresh urine (Fig. 4). When the effect of 
pH on enzymatic activity is determined, it may be noted that dialyzed 
urine and pancreas from the same individual present a similar pH optimum 
although a minor variation is noted at pH 9.5 (Fig. 5). And finally, when 
the esterolytic activity of the enzyme is measured with the use as sub- 
strates of the naphtholic esters of caprylic, capric, lauric, myristic, and 
palmitic acids, the relative rates of hydrolysis by the enzymes from the two 
different sources are almost parallel. Thus, the experimental evidence 
supports the viewpoint that the lipases from pancreas and urine are iden- 
tical. 


DISCUSSION 


The literature contains many reports concerning the properties of lipase 
in wheat germ, oats, castor bean, microorganisms (Mycotorula lipolytica, 
Aspergillis niger), milk, gastric mucosa, and pancreas (6). It has been 
studied in serum, and even found to be reduced in amount in rats and mice 
bearing tumors. On the other hand, there are relatively few papers dealing 
with urinary lipase. Because of the overlapping activities of non-specific 
esterase and lipase, and because many sources contain both enzymes, the 
question arises as to whether lipase was actually being studied by many of 
those workers who claimed to have demonstrated it in many tissues other 
than pancreas (17). The specific substrates required for lipase have been 
used by only a few investigators. 

The earliest report which dealt with urinary lipase indicated that it was 
present in a patient who died with hemorrhagic pancreatitis (14). This 
stimulated Hewlett to study urinary lipase in normal dogs, in dogs in which 
experimental pancreatitis had been produced, and in human beings. 
Lipase was not present under normal conditions, but did appear in the 
animals with pancreatitis. When 5 cc. of urine were incubated with ethyl 
butyrate at 39° for 20 hours, the amount of fatty acid liberated required 
up to 5 ec. of 0.05 N potassium hydroxide for neutralization. Yasuda (11) 
with use of tributyrin as the substrate found elevations of urinary lipase in 
patients with kidney diseases. While Zorn (12) found the enzyme in 
particular abundance in youths and rabbits, Ammon and Chytrek (13) 
stated that there was very little tributyrin-splitting enzyme in the normal 
urine of children and adults. The first demonstration that normal urine 
contained abundant amounts of lipase may be considered to have appeared 
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when Seligman et al. (15) applied the colorimetric serum method to a study 
of the urine. We have been able to confirm their findings. 

However, the presence of an antilipase in urine necessitated the introduc- 
tion of a new chromogenic substrate, 6-naphthyl caprylate, if dialysis of 
each urine specimen is to be avoided. Efforts to separate the inhibitor 
from the enzyme by simple manipulations were successful only with dialysis. 
Although our earlier studies suggested that urinary and pancreatic lipases 
were different, subsequent experiments revealed that, when the inhibitor 
was removed from the urine, the enzyme could not be distinguished from 
pancreatic lipase. 

Because lipase is not found in normal sera by the colorimetric technique, 
and because the lipase present in normal urines undoubtedly has been 
transported by the serum, several questions arise. First, is lipase present 
in serum in small quantities and below the sensitivity of the colorimetric 
method? Second, is there an abundance of antilipase in normal sera, 
which masks the presence of otherwise measurable amounts of lipase? 
And finally, is lipase present in the serum in an inactive form even though 
it appears in the urine in an activated state? At present, the answers to 
these questions are not available. Studies are being carried out to increase 
the sensitivity of the serum lipase method, and to determine the presence 
of possible antilipase in serum. 


Acknowledgment is due to Miss Margaret Curley for technical assistance. 


SUMMARY 


1. A new colorimetric method for the measurement of urinary lipase 


has been described. 
2. The presence of antilipase in the urine has been demonstrated and 


some of its properties have been determined. 
3. Evidence has been presented to suggest the identity of urinary and 


pancreatic lipase. 
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METABOLIC CHANNELING IN EXPERIMENTAL NEPHROSIS 


III. INFLUENCE OF DIET AND OF ADRENALECTOMY; 
LIVER HYPERTROPHY* 


By JULIAN B. MARSHf anp DAVID L. DRABKIN 


(From the Department of Biochemistry, Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 3, 1957) 


The quantitative measurement of the albuminuria of rats with experi- 
mental nephrosis provides a convenient means of studying albumin syn- 
thesis in the intact animal (2). The classical plasmapheresis experiments 
of Whipple and his colleagues (3) and the more recent studies of Stein- 
bock and Tarver (4) indicate a relationship of the protein content of the 
diet to the synthesis of plasma proteins. The present studies confirm and 
extend these findings. In nephrotic rats, the degree of albuminuria has 
been found to vary directly with the protein content of the diet. The 
effects of adrenalectomy have also been investigated, and it has been found 
that adrenalectomized mildly nephrotic rats do not show a significant dim- 
inution in albumin excretion, but that the albuminuria in such animals is 
significantly lower during a fasting period than that in corresponding intact 
nephrotic controls. In addition, some studies of the nature of the hyper- 
trophy of the liver, which accompanies the nephrosis (5), are reported. 


Methods 


Rats of the Long-Evans and the Wistar strains were used. Nephrosis 
was produced by the injection of rabbit antikidney serum prepared by the 
method of Heymann and Lund (6) or by a sheep antikidney serum.' All 
of the rats used in this study, in contrast with those in our earlier experi- 
ments (2), were mildly nephrotic, corresponding to the animals of ‘‘Group 
B” described by Ehrich et al. (7). These animals had ascites on the 2nd 
day after injection of the nephrotoxic serum, but this disappeared at the 
end of 1 week and most of the rats survived for at least 8 weeks. The use 
of such animals is helpful in studies of the effects of diet, since the degree 
of proteinuria can be maintained relatively constant for many days. Their 


* Supported by research grant No. A-831, National Institute of Arthritis and Me- 
tabolic Diseases, National Institutes of Health, United States Public Health Service. 
A preliminary report has been made (1). 

t Fellow of the George W. Raiziss Fund in Biochemistry. 
din Unpublished work of Drabkin, D. L., Marsh, J. B., LaGrange, W. E., and Beck- 

Id, W. J. 
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renal lesion is not “complete,”’ and hence they are able to maintain a low 
level of plasma albumin. 

Total urinary protein and plasma protein were measured by the biuret 
method (8). Liver ribose nucleic acid (RNA) was determined by the 
method of Schneider (9), with the orcinol reaction, and the method of 
Webb and Levy (10) was used for deoxyribose nucleic acid (DNA). Urea 
and ammonia in urine were measured by treatment with urease, followed 
by nesslerization (11). Adrenalectomy was performed by the dorsal ap- 


Tasie I 
Dietary Protein and Proteinuria in Nephrotic Rats* 


Composition of diett No. of rats “ood 
| gm. per day mg. per day gm. per 100 mi. 
5% casein-88% glucose... ad 4 5.4 8 + 1.3t 4.0 
14% casein-79% siusese.. | 2 | 6.0 137 5.2 
Rockland chow pellets (25% | 
protein). ...... 113 + 5.6 
33% casein-60% glucose.......| 4 | 7.3 174 + 8.8} 6.0 
33% casein- | | 
lard... | 4 | 5.3 | SS + 11.8} 5.4 


* The average weight of all rats at the start of the experiment was 62 gm. They 
were placed on the diet for 3 days, and then injected with 1.0 ml. of moderately po- 
tent rabbit antikidney serum. Non-injected control rats, fed the 33 per cent ca- 
sein diet, ate an average of 7.7 gm. perday. At the end of 1 week, all rats were killed 
and total plasma protein determined by the biuret method (8). Total plasma pro- 
tein in the controls averaged 6.4 gm. per 100 ml. 

t In addition to the listed constituents, all diets (except the Rockland chow pel- 
lets) contained 4 per cent of the Jones salt mixture No. 2 (13), 3 per cent of cod liver 
oil, and the following amounts of vitamins per kilo of diet: thiamine 10 mg., ribo- 
flavin 10 mg., pyridoxine 10 mg., calcium pantothenate 60 mg., nicotinic acid 100 
mg., p-aminobenzoic acid 200 mg., inositol 600 mg., choline 2 gm. 

t S.e.m. 


proach under ether anesthesia. The rats were maintained with 0.9 per 
cent NaCl solution as drinking fluid. The composition of the diets is 
furnished in Table I. 


Results 


The relationship of proteinuria, which is largely due to albumin (12), to 
the protein content of the diet in rats with mild nephrosis is shown in Ta- 
ble I. The 5 per cent casein diet evidently was inadequate to permit 
synthesis of sufficient albumin to raise the plasma level to the point of 
urinary spillage of albumin in such mildly nephrotic rats. These rats were 
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studied several days after the initial drop in plasma albumin, which occurs 
almost immediately after the injection of the antikidney serum. The data 
in Table I indicate an almost linear relationship between protein intake 
and proteinuria. This becomes particularly evident by comparing the 33 
per cent casein-60 per cent glucose diet with the 33 per cent casein-50 per 
cent lard diet. The consumption of the lard diet was about two-thirds of 
the glucose diet, and the proteinuria decreased from 174 to 88 mg. per 
day. The total lack of proteinuria on the 5 per cent protein diet was 
unexpected and the possibility was considered that a low protein diet some- 


Taste II 
Urea Excretion and Nitrogen Balance in Control and Nephrotic Rats* 
Net re- 
No. of Die N Net gaia 
outputs | output | weights protein 
Controls 28 533 | 79+ 4.4 1 80 | 453 2.6 | 2.8 
Nephrotic 
Day 1 10 | 288| 564 33 s9 | 199 
9 352 | 75 = 10.2) 39 114 | 238 
10 +49) 114 158 
6 7 392 | 68 +7.3 | 62 125 | 267 
Nephrotic,mean..... 36 326; 652 4.0) 46 216} 1.4 | 1.3 
Nephrotic, % of con- 
—39 |—18 +39 | —52 


* Rats fed 25 per cent casein-68 per cent dextrin diet. The average weight of 
these rats was 75 gm. N intake was calculated as 16 per cent of protein intake. 

t Includes ammonia nitrogen. 

t Calculated as 16 per cent of protein weight. 

§ Average of 1 week period. 

| Caleulated as 6.25 times nitrogen retention. 


how protected the kidney against the development of the glomerular le- 
sions after the injection of antiserum. However, this is not the case. 
Fig. 1 shows that changing the diet of such rats to the high protein diet 
resulted in immediate proteinuria. The reverse experiment, in which rats 
with pronounced proteinuria on the high protein diet were shifted to the 
low protein diet, resulted in an equally rapid decrease in proteinuria. 

The question of whether protein catabolism, as measured by the excre- 
tion of urea, is also increased in mild nephrosis was investigated, and a 
partial nitrogen balance is shown in Table II. The urea excretion was 
decreased by 18 per cent, whereas the dietary nitrogen intake was de- 
creased by 39 per cent. It is interesting to note that in these young, grow- 
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ing rats the gain in weight is approximately equal to the net retention of 
protein, in the normal as well as in the nephrotic animals. 

Table III summarizes the results of experiments with adrenalectomized 
nephrotic rats. On a 33 per cent protein diet, the adrenalectomized ne- 
phrotic rats excreted somewhat less albumin than the intact nephrotic 
controls, but this slight decrease was proportional to the decrease in their 
total food consumption. Therefore, with an adequate exogenous source 
of amino acids, albumin synthesis is carried on in the absence of the adrenal 


Tasie IIl 
Proteinuria in Intact Nephrotic and Adrenalectomized Nephrotic Rats* 


excreted during 16 
Mean during 24 brs.) 
No. of | Mean daily 
Type of animals rats |proteinuriat 


_Experi- Experi- Experi- Experi- 

ment 1 | ment 2 ment 3 ment 4 ments 

Intact nephrotic........| 4 363 11.3 45 41 79 77 5l 
Adrenalectomized ne- 

40 


phrotic..............] 5 307 9.9 | 29 | 32 | 5 | 83 


* All rats were made nephrotic and kept on a 33 per cent casein-60 per cent sucrose 
diet for 2 days before several were selected at random and subjected to adrenalec- 
tomy. The adrenalectomized rats had the same average weight and protein excre- 
tion before operation. After adrenalectomy, the rats were kept for 9 days, during 
which time the mean daily proteinuria and food intakes were measured. The fast- 
ing experiments were then performed on the same rats, 2 days of unrestricted feed- 
ing being allowed between each 16 hour fasting period. The five experiments re- 
ported represent a repetition of the experiment five times in the same rats. | uring 
Experiments 1 and 2, the rats were fed Purina chow checkers, and in Experiments 
3, 4, and 5, a 25 per cent casein-synthetic diet was fed. 

t These values represent the average of all rats in each group, averaged over the 9 
day period in which measurements were made. The average weight of the rats in 
each group was 106 gm. 


glands. However, the data in Table III indicate that the decrease in the 
albuminuria during an overnight fast was considerably greater in the ad- 
renalectomized nephrotic rats than in the intact nephrotic controls. The 
possible significance of these observations will be considered below. 
Table IV furnishes data on the hypertrophy of the liver in experimental 
nephrosis, and on the RNA and DNA content of control and nephrotic 
livers. The hypertrophy of the liver is accompanied by a rise in both 
RNA and DNA, averaging 43 per cent at its maximum, with no significant 
change in the RNA to DNA ratio. In earlier studies in this laboratory 
(14), a highly reproducible relationship between liver weight and body 
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weight was demonstrated. In adult rats weighing 250 gm. the liver was 
2.6 per cent of the body weight. It is evident-from the data in Table IV 
that in normal young rats of 75 gm. body weight the liver is considerably 
larger (4.85 per cent) in proportion to body weight. In nephrotic rats of 
this size, the liver forms up to 6.7 per cent of the body weight. Hence, in 
the normal and nephrotic animals of about 75 gm. in weight, there are, 
respectively, 3.6 and 5.0 gm. of total liver tissue. 


TaBLe IV 
Liver Hypertrophy in Experimental Nephrosis, and RNA 
and DNA Content of Control and Nephrotic Rat Liver* 


piction of | Liver weight as per cent Ty 
Liver RNA content Liver DNA content RNA 
nephrotoxin of body weight DNA 
per cent mg. per gm. dry weight mg. per gm. dry weight 


Controls | 4.85 + 0.236 (8) | 40.6 + 0.86 (10) | 17.9 + 0.381 (7) 2.27) 


Day 2 5.69 + 0.330 (6) 48.6 + 1.76 (6) | 23.7 + O.815f (6) | 2.05 
5.05 + 0.166 (5) 56.1 + 2.75¢ (5) | 26.5 1.67f (5) 2.12 
© 6.66 + 0.031f (5) 48.7 + 1.22f (5) | 22.6 + 0.57 (5) 2.16 


* Average initial weight of all groups of rats was 75 gm. They were fed a 25 per 
cent casein-68 per cent dextrin-3 per cent cod liver oil diet, containing salts and vita- 
mins as described in Table I, footnote. After 2 days on this diet, the rats were in- 
jected with 0.4 ml. of a potent nephrotoxic serum. The values after the + sign are 
standard errors of the mean; the values in parentheses represent the number of ani- 


mals. 
t Significantly different from the values for the controls, as judged by P <0.05. 


DISCUSSION 


A clear answer to the question of plasma albumin synthesis in the ab- 
sence of sufficient dietary protein is provided by the findings that the ne- 
phrotic rats on a 5 per cent casein diet failed to show any proteinuria and 
that the urinary protein excretion on higher protein diets showed a linear 
relationship to the dietary protein intake. These observations are con- 
sonant with the results of the plasmapheresis experiments of Whipple (3) 
in which plasma protein synthesis did not occur in fasting dogs. Early 
work with nephrotic rats by Farr and Smadel (15), in which groups of 
animals were maintained for several months on low or high protein diets, 
gave results with which the present experiments are in general agreement, 
since their rats on the high protein diet excreted more protein. However, 
the degree of nephrosis in Farr and Smadel’s experiments was very mild, 
and it was not possible for them to differentiate between an effect of diet 
on the renal lesion itself and an effect on albumin synthesis. The rapidity 
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of response to the change in diet (Fig. 1) provides evidence that protein 
or amino acid reserves are severely limited, at least in so far as plasma 
albumin synthesis is concerned. A further illustration of the dependence 
of albumin synthesis on the exogenous amino acid supply can be seen in 
the experiments in which an immediate and marked drop in albuminuria 
occurred after an overnight fast (Table ITI). 

The problem of the over-all catabolism of protein in nephrosis was ap- 
proached in these experiments by measurement of the urea excretion. Al- 
though urea excretion was decreased by 18 per cent, this can be adequately 
explained by the decreased dietary protein intake, which amounted to 39 
per cent (Table II). If amino acids are being channeled into the syn- 


PROTEINURIA, day 
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3 4 5 6 


DAYS AFTER _NEPHROTOX/C 
SERUM /NJECT/ON 


Fic. 1. InCurves a and b, the broken lines represent the proteinuria (albuminuria) 
of the mildly nephrotic rats on the 5 per cent casein diet, and the solid lines, that on 
the 33 per cent casein diet. The arrows indicate the time of change in the diet. 
Curve c represents the protein excretion of a “‘control’’ nephrotic rat maintained on 
the 33 per cent casein diet. 


thesis of plasma albumin, one might expect a decrease in urea production. 
This was not demonstrated in the present experiments. It can be seen 
from the data in Table II that the urea nitrogen output exceeded the 
protein nitrogen loss in the nephrotic rats. If these animals had _ been 
able to reduce effectively their urea output, they would have grown at a 
rate almost equal to that of the controls. 

A preliminary approach to the problem of the role of the adrenal glands 
in the synthesis of albumin was made in the present study. In view of 
the relationship between albuminuria and dietary protein intake, obser- 
vations in the literature (16, 17) indicating a decreased albuminuria in 
adrenalectomized nephrotic rats may be questioned because of failure to 
control the food intake. When adrenalectomized mildly nephrotic rats 
were maintained on saline and allowed access to a high protein diet, there 
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was no decrease in albuminuria beyond that which could be accounted for 
by the decrease in food consumption (Table HII). But the mobilization, 
which occurs in the fasting period, of reserves of protein or amino acids, 
however limited they may be, appears to be affected by adrenalectomy. 
This is deduced from the observation that the drop in albuminuria during 
fasting was greater in the adrenalectomized nephrotic rats. Experiments 
with adrenal cortex extract administration or with cortisone (7, 16) are 
more difficult to interpret, since cortisone may affect the renal lesion itself. 
Further work along these lines is needed. 

The present experiments confirm and extend the finding that the liver is 
hypertrophic in experimental nephrosis (5). We have demonstrated that 
this hypertrophy is accompanied by a rise in both RNA and DNA (Table 
IV). Since both nucleic acids showed an equal rise, the ratio of the two 
did not change significantly. This implies an increase in the number of 
cells per unit weight rather than an increase in the concentration of RNA 
in individual cells. Alternatively, the proportion of cells with more than 
one nucleus may be increased, in which instance the rise in RNA might 
represent an actual increase in each liver cell. Histologic studies to answer 
this question are in progress. In any case, the rise in RNA provides an- 
other example of the relationship of protein synthesis to RNA metabolism, 
first shown by Drabkin (18) for the liver regenerating after partial hepa- 
tectomy. All of the present observations are in accord with the hypothe- 
sis, put forth in our earlier study (2), that the liver of the nephrotic rat 
responds to the low level of plasma albumin (or albumin deficit) by in- 
creasing albumin synthesis. A direct demonstration of this in isolated 
liver slices has recently been made in a study reported in Paper IV (19). 
We conclude that the hypertrophy of the liver is a “work” hypertrophy; 
i.e., a response to an increased demand for the synthesis of plasma albu- 
min. 

A rat of 75 gm. body weight has 3 ml. of blood plasma (the plasma vol- 
ume being taken as 4 per cent of the body mass). There are 105 mg. of 
total plasma albumin in a rat of this size (albumin = 3.5 per cent (2)). 
We have calculated (cf. Drabkin and Marsh (2)) from the data of Ulrich 
et al. (20) that a normal 75 gm. rat replaces about 117 mg. of plasma albu- 
min per day. Thus, as a first approximation? the total plasma albumin 


? We recognize that objections may be raised against the assumption that the 
“replacement rate”’ of plasma albumin, as used by Ulrich et al. (20), corresponds with 
the synthetic rate. However, it is noteworthy that Jensen and Tarver (21) estimated 
that the total plasma protein production of the perfused rat liver was 230 mg. per 
100 gm. of rat per day, a value in agreement with the data of Ulrich et al. (4) if one 
assumes an approximately equal rate for albumin and globulin synthesis. Our esti- 
mate of the relative synthetic abilities of normal and nephrotic rat livers must be 
regarded as an approximation. 
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is normally replaced daily. We have also deduced from the daily urinary 
output of albumin by our severely nephrotic rats that the rate of plasma 
albumin synthesis in a 75 gm. rat is of the order of 300 mg. per day (2), 
It is now possible to estimate the rate of plasma albumin synthesis in vivo 
per gm. of liver per hour in the normal and the nephrotic rat. Account 
must be taken of the total liver mass in the normal and nephrotic rats, 
respectively, 3.6 and 5.0 gm., derived from the data in Table IV. In the 
normal 75 gm. rat, 1.4 mg. of albumin are produced per gm. of liver per 
hour (from 117/(3.6 X 24)), whereas, in the corresponding nephrotic rat, 
the rate of production of albumin by the liver is 2.5 mg. per gm. per hour 
(from 300 divided by 5.0 X 24). Hence, in vivo the nephrotic liver syn- 
thesizes plasma albumin at a rate 78 per cent in excess of that of normal 
liver (see Marsh and Drabkin (19)). 


SUMMARY 


The urinary excretion of plasma albumin in rats with a moderate degree 
of experimental nephrosis is directly proportional to the level of their die- 
tary protein intake. 

Adrenalectomy has no effect on the albumin excretion of mildly ne- 
phrotic rats fed sufficient protein, but, during fasting, the albuminuria is 
more markedly reduced in the adrenalectomized nephrotic animals than 
in corresponding intact nephrotic controls. 

Liver hypertrophy accompanies experimental nephrosis, with concomi- 
tant increases in both ribose nucleic acid and deoxyribose nucleic acid in 
the liver. The enlargement of the hepatic tissue is regarded as a form of 
“work” hypertrophy, in response to the need for increased plasma albumin 
synthesis. 


The authors wish to thank Mr. George A. Braun for his assistance in 
performing the urea analyses reported in this paper. 
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METABOLIC CHANNELING IN EXPERIMENTAL NEPHROSIS 


IV. NET SYNTHESIS OF PLASMA ALBUMIN BY LIVER SLICES 
FROM NORMAL AND NEPHROTIC RATS* 


By JULIAN B. MARSH anv DAVID L. DRABKIN 


(From the Department of Biochemistry, Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 3, 1957) 


Experimental nephrosis in rats is characterized by albuminuria, which 
amounts in 1 day to more than twice the total circulating albumin of con- 
trol rats (2). Evidence that the urinary albumin represents newly syn- 
thesized protein was obtained in the earlier experiments (2), in which the 
specific radioactivity of urinary protein was found to be several times 
higher than that of the plasma albumin of the normal rat after the injec- 
tion of glycine-2-C*. The conclusion drawn from these observations was 
that the synthesis of plasma albumin in the nephrotic rat is accelerated. 
Since the interpretation of isotope incorporation data is complicated by 
the problem of the size of the available amino acid pool, a more direct ap- 
proach to the question of the rate of albumin synthesis by the liver of the 
nephrotic rat was sought. A net synthesis of plasma albumin by chicken 
liver slices has been demonstrated in work by Peters and Anfinsen (3), but 
mammalian livers have not been investigated in this manner until re- 
cently, in a study by Campbell and Stone (4) which came to our attention 
after our experiments had been completed. In the present work the net 
synthesis of plasma albumin by normal rat liver slices is demonstrated, 
and it is furthermore shown that the liver of the nephrotic rat synthesizes 
albumin in vitro at almost twice the normal rate. 


Methods 


The general procedure employed in these experiments was similar to 
that of Peters and Anfinsen (3). Male albino rats of the Wistar strain, 
weighing between 100 and 175 gm., were used. The animals were allowed 
food ad libitum. Rat plasma albumin was obtained by the alcohol frac- 
tionation technique of Ulrich, Li, and Tarver (5). In the first series of ex- 
periments (reported in Tables II and IIT) the final product obtained by this 
technique was used for the immunization of rabbits by the method of 
Freund and McDermott (6), with use of a total of 5 mg. of rat albumin 


* Supported by research grant No. A-831, National Institute of Arthritis and Me- 
tabolic Diseases, National Institutes of Health, United States Public Health Ser- 
vice. A preliminary report has been made (1). 
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for each rabbit. In the second series of experiments, the final albumin 
precipitate, obtained by the method of Ulrich et al. (5), was redissolved 
and all the steps of the isolation procedure were repeated. The latter 
preparation was electrophoretically homogeneous when studied in the clas- 
sical Tiselius cell at pH 8.6 in barbiturate buffer, ionic strength of 0.1, 
The first preparation was examined only by paper electrophoresis at pH 


TABLE [ 
Composition of Medium* Used for Albumin Synthesis by Rat Liver Slices 


mmoles per | 


* Gas phase, 95 per cent O2-5 per cent CO;; final pH, after incubation of liver slices, 
7.3. 


TaB_e II 
Effect of Changes in Ionic Composition of Medium 
on Albumin Synthesis by Rat Liver Slices* 


per cent 


* Expressed as percentage of net synthesis by control slices incubated for 2 hours 
at 37° in a standard medium (Table I). The figures shown represent averages of 
two separate experiments, duplicate determinations being run in each. Changes 
greater than +15 per cent are regarded as significant. 


8.6, and showed less than 2 per cent impurity as judged by staining with 
brom phenol blue. 

For the determination of albumin, Kunkel and Ward’s quantitative im- 
munochemical method was employed (7). In this procedure, it was found 
helpful to heat the washed precipitate for 1 minute at 100° in 0.1 ml. of 
4n HCl. This was followed by the addition of 0.5 ml. of 1 Nn NaOH before 
addition of the buffered ninhydrin reagent of Moore and Stein (8). A 
linear relationship between Klett readings in a volume of 10 ml. and the 
amount of albumin added was obtained over the range of 5 to 50 y of al- 
bumin. Based on the weight of the lyophilized albumin preparation used 


| 
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for immunization, the slope of the standard curve was 13.0 Klett units 
per microgram in the case of the antiserum obtained from the first albu- 
min preparation, whereas the antiserum obtained against the second prep- 
aration gave a slope of 18.5 Klett units per microgram of albumin. 


TaB_e III 


Net Synthesis of Saline-Soluble Plasma Albumin by Liver 
Slices from Control and Nephrotic Rats* 


Rat No. Initial albumin content Increment of albumin 
Controls 
y per gm. wel weight > per gm. wel weight per 2 hrs. 
1 237 365 
2 212 366 
3 418 184 
4 300 314 
5 305 391 
6 335 310 
7 382 323 
Mean + s.e.m........... 313 + 27.8 322 + 25.7T 
Nephrotic 
332 443 
2 283 614 
3 355 615 
4 331 524 
5 375 655 
6 172 547 
7 164 398 
8 277 668 
9 288 792 
Mean + s.e.m........... 286 + 24.9 584 + 40.3T 


* All analytical values were obtained with the first antiserum preparation. See 


the text for details. 
t The difference between the means of albumin synthesis in the control and ne- 
phrotic rats (third column) is statistically highly significant (¢ = 4.46; P <0.001). 


Rat liver slices, each 0.5 mm. thick and about 150 mg. in wet weight, 
were incubated for 45 minutes at 37° in 10 volumes of medium (Table I) 
to reduce the initial albumin content. The slices were then removed from 
the medium, blotted, and weighed. After several slices were taken for 
the determination of the initial albumin content, portions of the remainder 
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were incubated in fresh medium (two slices per 2.0 ml.) for 2 hours at 
37°. For the determination of the albumin content, two different pro- 
cedures were employed. In the first of these (Tables II and III), the 
entire vessel contents were homogenized in a final volume of 9 ml. with 
0.9 per cent NaCl and centrifuged for 10 minutes at 25,000 r.p.m. in a 
Spinco No. 40 rotor. A clear supernatant fluid was obtained by punc- 
turing the plastic tube near the bottom and allowing it to drip into a test 
tube. The supernatant fluid was then analyzed for albumin by the im- 
munochemical method. 

In the second series of experiments (Table IV), the albumin contained 
in (a) the medium, (b) the supernatant fluid from the saline homogenate 
of the slices, and (c) the particulate precipitate obtained after centrifuga- 
tion of the saline homogenate was estimated separately. The medium 
and the slices of liver were centrifuged at 2500 r.p.m. at 5° in an Inter- 
national refrigerated centrifuge, and an aliquot of the medium was re- 
moved for analysis. The tube was then allowed to drain and 9 ml. of 
saline were added, and the contents of the tube homogenized, and then 
centrifuged for 10 minutes at 25,000 r.p.m. The supernatant fluid was 
transferred to another centrifuge tube and the precipitate was homoge- 
nized with 9 ml. of 0.4 per cent sodium deoxycholate (pH 7.8) and returned 
to the original centrifuge tube. Both the saline supernatant layer and 
the deoxycholate solution of the particles were then spun for 10 minutes 
at 25,000 r.p.m., and the supernatant fluid was collected after the tube 
was punctured as before. 

Nephrosis was induced by the intravenous injection of 0.5 ml. per 100 
gm. of body weight of a sheep antikidney serum.' In the experiments 
reported in Table IV, a second injection was given 24 hours after the first 
to produce rats with a severe degree of nephrosis. The proteinuria in the 
first group of rats was greater than 200 mg. per 100 gm. of body weight 
per day, while that in the second group (Table IV) was generally twice 


this amount. 
Results 


The optimal in vitro conditions for the net synthesis of albumin by rat 
liver slices in these experiments resemble closely those described for the 
chicken liver slice system studied by Peters and Anfinsen (3). As shown 
in Table II, sodium ion appeared necessary and bicarbonate buffer was 
superior to phosphate. Divalent cations were also needed. Oxygen was 
found not to be required for the release of albumin from the slice into the 
medium, but was necessary for albumin synthesis. No consistent effects 


1 Unpublished work of Drabkin, D. L., Marsh, J. B., LaGrange, W. E., and Beck- 
field, W. J. 
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were obtained by adding glucose or amino acid mixtures to the medium, 
and accordingly no substrates were added in the reported experiments. 
Addition of 0.005 m glycine-2-C to the medium resulted in extremely 
high labeling of the albumin, the specific activity of which was more than 
10 times greater than the acid-precipitated liver proteins, indicating a very 
active synthesis. These experiments are not reported in detail here, since 
they were in complete agreement with those reported by Peters (9) in 
experiments with chicken liver slices. 

The most recent experiments of Peters (10), indicating that cellular 
particles contain a great deal of albumin (56 per cent of the total tissue 
albumin), raise the question of whether the net increase in saline-extracta- 
ble albumin is a valid measure of the net synthesis of albumin, since merely 
the release of particulate albumin within the tissue cells could account for 
a net increase in saline-soluble albumin. Peters reported (10) that all 
cellular fractions lose albumin upon incubation of liver slices, but that a 
net increase in albumin was still observed in chicken liver slices. The 
results in the normal control livers shown in Table IV indicate that in our 
experiments there was no significant change in the saline-soluble albumin 
within the slice nor in the deoxycholate extract of the particles after 2 
hours of incubation at 37°. The major increment in albumin appeared in 
the medium. In view of these findings, the experiments in which only 
the saline-soluble albumin was measured (Tables II and III) appear to be 
a valid measure of the net synthesis of albumin. By comparing the data 
on the synthesis of albumin by the liver slices from the normal rats in 
Tables III and IV, it is apparent that the initial saline-soluble albumin 
content of the washed slices was the same in both series of experiments, 
but that the net synthesis of albumin in the experiments in Table III was 
322 y per gm. in 2 hours, while that calculated from the data in Table IV 
was 730 y per gm. We believe that this difference in results is referable 
to the fact that two different antisera were employed in the two series. In 
view of the fact that the rat albumin preparation used for immunization 
in the second series of experiments was probably more homogeneous, as 
well as the finding by Campbell and Stone (4) of a rate of albumin produc- 
tion of 720 y per gm. in 2 hours by normal rat liver, it would appear that 
the values obtained in our second series of experiments (Table IV) are 
more reasonable. We may conclude, therefore, that the net synthesis of 
albumin by rat liver slices in vitro is of the order of 0.7 mg. per gm. in 2 
hours at 37°. 

A comparison of the net synthesis of albumin by liver slices from control 
and nephrotic rats is shown in Tables IIT and IV. There was no difference 
in the initial albumin content of normal and nephrotic liver slices after 
the preliminary washing period. In both series of experiments, the syn- 
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thesis of albumin by the liver slices from the nephrotic rats was increased 
by 81 per cent over that by liver slices from the controls. The duration 
and severity of the nephrosis did not appear to affect the results signifi- 
cantly in these experiments. The experiments reported in Table IV are 
particularly revealing. ‘The increment in albumin during the incubation 
period was entirely in the medium in the control livers. No significant 
changes occurred in either the saline-soluble albumin or in the particulate 
albumin. In the livers of nephrotic rats, the increment in albumin was al- 
most entirely in the medium, but there was also a statistically significant 
increase of 13 per cent in the particulate albumin. In view of the recent 
evidence pointing to the cellular particles as the sites of albumin synthesis 
(10), it would seem as if the cellular particles in the nephrotic liver are 
actually synthesizing albumin at a rate slightly faster than it can be re- 
leased into the cell sap and finally into the surrounding medium. 


DISCUSSION 


The present experiments, in agreement with those of Campbell and 
Stone (4), demonstrate that a net synthesis of plasma albumin occurs in 
rat liver slices incubated at 37°. The optimal ionic composition of the 
medium for albumin synthesis in rat liver slices was found to be almost 
identical with that described for the chicken liver (3), although we have 
employed a medium with a higher potassium ion concentration. Signifi- 
cantly, sodium ion is necessary. Such a medium favors glycogenolysis 
(11), and since no increase in albumin synthesis was found after the addi- 
tion of glucose or amino acid mixtures, endogenous sources of amino acids 
and of energy in the form of carbohydrate do not appear to be limiting 
factors in albumin synthesis in vitro. It is interesting that, even in the 
perfused rat liver, Jensen and Tarver (12) were unable to demonstrate a 
requirement for exogenous amino acids in the synthesis of plasma proteins. 

The findings of Peters (10), that much of the cellular albumin is present 
in the particles and is not extracted by saline, were confirmed for the rat 
liver in the present experiments. From Peters’ data it can be calculated 
that about 56 per cent of the total liver albumin is in the particles, while 
in our experiments the value obtained was 64 per cent. Peters reported 
that in the chicken liver all cellular fractions lost albumin to the medium 
upon incubation of the slices. In the present experiments with rat liver 
slices, there was a 28 per cent loss of saline-soluble albumin during incuba- 
tion of the slices, but no change in the particulate albumin. This finding 
lends validity to our first experiments (Table III) and those of Campbell 
and Stone (4), in which only saline-soluble albumin was measured as an 
index of net albumin synthesis, with the view of comparing control and 
nephrotic rats, as in our work, or control liver and liver tumor as in the 
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work of Campbell and Stone. The extremely high rate of incorporation 
of labeled glycine in our experiments, as in those of Campbell and Stone 
(4) and Peters and Anfinsen (3), clearly demonstrates the active synthesis 
of plasma albumin by liver slices. The specific activity of the isolated 
albumin is of such magnitude as to render the idea of the transformation 
of a preexisting protein molecule into plasma albumin highly unlikely. 

An increased synthesis of plasma albumin by liver slices from nephrotic 
rats is demonstrated in these experiments. Recently, Gitlin, Janeway, 
and Farr (13) reported that, in several children with nephrosis, the major 
metabolic alteration encountered was an increase in the rate of albumin 
catabolism, with little alteration in the rate of synthesis. It is probably 
unjustifiable to compare nephrosis in nephrotic children with the situation 
in the experimentally nephrotic rat. Moreover, the experiments of Gitlin 
and his colleagues, who use I'*!-labeled albumin (14), are open to some 
question in view of the findings of Gordon (14) and others, which indicate 
that I'*!-labeled albumin or even alcohol-precipitated albumin may not be 
catabolized in the same manner or at the same rate as normal albumin. 
Indeed, more than 10-fold differences in the rates of catabolism of certain 
I'*!_labeled albumin preparations were reported by Gordon (14). 

The plasma albumin production in the severely nephrotic rat has been 
estimated to be 3- to 4-fold greater than normal (2). In Paper III (15), 
we have obtained an estimate of the rate of plasma albumin synthesis by 
the liver in intact normal and nephrotic rats. The calculated values (15) 
were 1.4 mg. per gm. per hour (normal) and 2.5 mg. per gm. per hour 
(severely nephrotic subject), or 78 per cent higher in the nephrotic sub- 
ject. It is instructive to compare these in vivo rates of synthesis with the 
in vitro rates in the present study. The in vitro rates are (Table IV, Col- 
umn 10) 0.73 mg. per gm. per 2 hours (normal liver slices) and 1.32 mg. 
per gm. per 2 hours (nephrotic liver slices), or 81 per cent higher in the 
nephrotic liver. These in vitro rates of net albumin synthesis in both the 
control and the nephrotic rat liver slices are 26 per cent of those deduced 
from the data in the intact animal. 


SUMMARY 


A net synthesis of plasma albumin has been shown to occur in rat liver 
slices. For optimal in vitro activity, sodium, magnesium or calcium, and 
bicarbonate ions were necessary in the medium. The synthesis of albu- 
min was increased by 81 per cent in liver slices from rats with experimental 
nephrosis. 

The rate of albumin synthesis by liver in vitro compares very favorably 
with that deduced for intact rats, both normal and nephrotic. 
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METABOLIC CHANNELING IN EXPERIMENTAL NEPHROSIS 


V. LIPIDE METABOLISM IN THE EARLY STAGES OF THE DISEASK* 


By JULIAN B. MARSH anp DAVID L. DRABKIN 


(From the Department of Biochemistry, Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 
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In view of earlier experiments reported from this laboratory (1), a tenta- 
tive hypothesis was advanced that the hyperlipemia of experimental ne- 
phrosis in the rat was essentially a mobilization lipidemia. We had stud- 
ied only rats with a most severe nephrosis, namely animals at about the 
6th day of the disease, which were extremely edematous. Other investi- 
gators have not reached similar conclusions concerning the nature of ne- 
phrotic hyperlipemia (2). These workers, for the most part, studied rats 
with a milder degree of nephrosis. It occurred to us that there might be 
several stages in the development and progression of the experimental 
nephrotic state and that the situation in the later stages of severe nephrosis 
(3) might be different from that in the early stages of the disease. Ac- 
cordingly, we have now studied lipide metabolism during the first 2 days 
after the administration of nephrotoxic serum. The evidence obtained 
indicates that lipide mobilization is not a factor in the initial development 
of the early nephrotic hyperlipemia and that the liver is the most likely 
source of the elevated plasma lipides in this stage of nephrosis. 


Methods 


Nephrosis was produced as described previously (3, 4). The techniques 
of analysis and radioactivity assay of the lipides employed in the present 
investigation were the same as those previously employed (1), with the 
following additions. The isolation of plasma cholesterol and fatty acids 
was accomplished by saponification in 10 per cent KOH-66 per cent ethanol 
for 2 hours at 100°. After neutralization, the cholesterol was precipitated 
with digitonin and centrifuged. The washings of the digitonin precipitate 
were added to the supernatant fluid, which was then evaporated to remove 
ethanol and ether, and acidified with HCl. The acidified solution was 
extracted four times with ether, washed five times with water, and then 
taken to dryness for weight and radioactivity determinations. Total 
plasma ketone bodies were measured by the method of Greenberg and 
Lester (5). 

* Supported by research grant No. A-831, National Institute of Arthritis and Me- 
tabolic Diseases, National Institutes of Health, United States Public Health Service. 
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Results 


In the severely nephrotic rats previously studied, there was a pronounced 
diminution in liver glycogen (3). As evident in Table I, this was not true 
of the rats in the present experiments, on the 2nd day of the disease. (The 


TaBLeE 
Analytical Data on Control and on Nephrotic Rat Tissues 


The nephrotic tissues were removed on the 2nd day of nephrosis; the values in 
parentheses are the number of rats. 


A | Food Protein (Total serum’ Serum Total | 
Type of rat [Weight | intake | excretion | protein. (cholesterol lipide Liver glycogen 


pmoles 
| | | | percent | "(as glucose 
Control.......| 91 (8.8 (8)| 30 (12)6.05 (11)) 74 (11); 278 + 67.5*|134 + 17.0° 
(3) (26) 
Nephrotic.....| 92 (8)/298 (12)}4.20 (11))197 (11),1742 + 105* |168 + 17.1* 
(6) (24) 


* The values after the + sign are standard errors of the mean. 


TaBLe II 


Blood Ketone Body Levels and Synthesis of Ketones by Liver Slices from Control Rats 
and from Rats with Nephrosis of 48 Hours Duration* 


The values in parentheses are the number of rats. 


Synthesis of ketones liver slices, smoles 
Plasma ketonest acetone per gm. pe. weight) in 90 min. 
Type of animal 


Fed Fasted Fed Fasted 


mg. per ceni acetone | mg. per cent aceione 
Controls....... 1.6 + 0.61 (4)/3.8 + 0.55 (10)| 4.1 + 0.59 (4)| 8.9 + 0.83 (8) 
Nephroties.....11.5 + 0.62 (5)\5.7 0.90 (7) | 4.0 0.42 (7)| 9.1 1.19 (8) 


* Tissue slices incubated for 90 minutes at 37° in medium of the following compo- 
sition: 0.033 mM potassium phosphate buffer, pH 7.4; 0.100 m potassium chloride; 
0.005 mM magnesium chloride. 

t Ketones were determined by the method of Greenberg and Lester (5) and are 
expressed in terms of total acetone equivalents. 


animals were allowed food ad libitum.) No evidence was obtained of 
ketosis in either the fed or fasting state, nor was there any difference in 
ketogenesis by liver slices in vitro from nephrotic rats and from controls 
(Table II). These findings do not support the concept of mobilization 
lipidemia in the early stages of nephrosis. 

Heymann and Hackel (6) and Rosenman (7) have found that the level 
of plasma lipides in nephrotic rats declined after partial hepatectomy. 
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To provide further evidence concerning the role of the liver in nephrotic 
hyperlipemia, we have performed two types of experiments. In the first 
of these, acetate-1-C™ was given to the intact rat simultaneously with the 
injection of nephrotoxic serum and the incorporation of isotope into the 
liver and plasma cholesterol and total fatty acids (after saponification) 
was followed. The results are shown in Figs. 1 and 2, the legends of 


000 x Ugé NO * ,Contro/ Liver 
& 000 ~-----CP,Control Plasma OC / 
24000 liver @—ONAT, Arotic 
OU) 
= OC | * 
/0 O 10 20 30 40 
T/ME iN HOURS TIME /N HOURS 
Fic. 1 Fia. 2 


Fic. 1. Specific activity-time curve of liver and plasma cholesterol in control 
and in nephrotic rats. The nephrotoxic serum was injected at zero hour, together 
with acetate-1-C™ (20 wc. per 100 gm. of body weight). Each dot or cross represents 
the mean of analyses on two rats. The mean values for plasma cholesterol (in mg. 
per 100 ml.) of the injected animals, at each time interval, were as follows: 4 hours 
54, 7 hours 78, 17 hours 72, 24 hours 105, 31 hours 91, 48 hours 235. The corresponding 
mean values for total plasma protein (in gm. per 100 ml.) were as follows: 4 hours 
6.6 (identical with that in the control rats), 7 hours 5.1, 17 hours 3.5, 24 hours 4.1, 
31 hours 4.0, 48 hours 3.8. 

Fic. 2. Specific activity-time curve of liver, plasma, and adipose tissue total fatty 
acids in control and in nephrotic rats. The animals are the same as those for which 
the cholesterol specific activity-time curves are supplied in Fig. 1. The values for 
the total fatty acids in plasma (in mg. per 100 ml.) of the rats injected with nephro- 
toxic serum were as follows: 369 at 4 hours, 707 at 7 hours, 442 at 17 hours, 708 at 24 
hours, 740 at 31 hours, 1690 at 48 hours. 


which provide the analytical levels of cholesterol and fatty acids. These 
experiments disclose a very close relationship between liver and plasma 
cholesterol, as well as between liver and plasma total fatty acids, both in 
the normal rats and in those with early nephrosis. The conclusion appears 
warranted that the liver cholesterol and total fatty acids are probably the 
precursors of the corresponding plasma lipides. The higher level of iso- 
topic incorporation in the rats injected with nephrotoxic serum (Figs. 1 
and 2) implies the existence in such animals of an increased rate of lipo- 
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genesis, but whether this is due to the decrease in plasma albumin, which 
occurs at about 7 hours, or whether it is due to the stress reaction to the 
injection remains undecided. A second point of interest in the data plot- 
ted in Figs. 1 and 2 is the fact that the secondary rise in the specific activy- 
ity of the liver and plasma cholesterol and fatty acids occurred at about 
24 hours in the controls, but was delayed until 48 hours in the injected 
rats. The secondary rise, in the case of cholesterol, has been reported 
previously by Landon and Greenberg (8). These workers interpreted the 
phenomenon as due to reabsorption of previously highly labeled cholesterol 
from the intestine. Whatever the explanation for these findings, it is quite 


04 
TIME IN HOURS 
Fic. 3. A, labeling of liver and plasma cholesterol at 4 and 17 hours after acetate- 
1-C* in control and in nephrotic rats, with established nephrosis of 2 days duration. 
(CL, CP, NL, and NP, control liver, control plasma, nephrotic liver, and nephrotic 
plasma, respectively.) Plasma cholesterol had average values of 74 mg. per cent in 
the controls and 197 mg. per cent in the nephrotic animals. 8B, labeling of liver and 
plasma total fatty acids at 4 and 17 hours after acetate-1-C™ in control rats and rats 
nephrotic for 2 days. The total fatty acids of the plasma had average values of 278 
mg. per cent in the controls and 1742 mg. per cent in the nephrotic rats. Each dot 
or cross represents the mean of values obtained in four animals. 


striking in our experiments that the level of isotopic incorporation into 
liver and plasma lipides was actually increasing at a time when the most 
marked rise in plasma lipides was taking place. It may be apparent, es- 
pecially in the case of total fatty acids, that this could not have occurred 
if adipose tissue lipides had been mobilized into the plasma, since the 
specific activity of lipides from this source was quite low and would have 
diluted the labeling of the plasma lipides (Fig. 2). Hence, the experiments 
shown in Figs. 1 and 2 may be interpreted as indicating an increased lipo- 
genesis by the liver during the development of the hyperlipemia of early 
nephrosis. 

The second type of experiment was performed in rats 48 hours after the 
injection of nephrotoxic serum, in which elevated plasma lipide levels were 
already present and maintained at an elevated “steady state’”’ concentra- 
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tion. These rats were then injected with acetate-1-C". The results, 
shown in Fig. 3, A and B, indicate again that the liver and plasma lipide- 
labeling curves resemble each other closely in both normal and nephrotic 
rats. In the case of cholesterol (Fig. 3, A) in contrast to the results in 
Fig. 1, there is no great difference in the specific activity of liver or plasma 
cholesterol in the control and nephrotic rats. However, since the plasma 
cholesterol levels were more than twice as high in the nephrotic animals, 


III 


Incorporation of Acetate-1-C™ into Cholesterol and Fatty Acids by Liver 
Slices from Control Rats and Rats with Nephrosis for 48 Hours 


The values in parentheses are the number of rats. 


Cholesterol (Total tion into| Fatty acid | Total incorporation into 
Type of rats content liver 4 fatty acids 


mg. per gm. €.p.m. per gm. tissue per gm.| ¢.p.m. per gm. tissue 
Control* (Long- 
Evans)............ .|160 + 12 508 + 84.429 + 2.8) 364 + 73.2 


(11) (11) (11) (7) 


Nephrotic®  (Long- 

Evans).............|189 + 22 1,237 + 275f 30+ 3.8) 329 + 57.0 
(12) (12) (12) (8) 
Controlt (Wistar)..... 108 + 15.5§ 23,200 + 2,550 (20 + 2.1/80,200 + 16,000 
(14) (13) (14) (14) 
Nephrotict (Wistar). 170 + 26.6 49,200 + 10,600f |19 + 2.7/94,200 + 27,800 
(8) (8) (8) (8) 


* Specific activity of acetate used = 2640 c.p.m. per umole. 

t Significantly different from the mean of the controls (P <0.05). 

t Specific activity of acetate used = 66,000 c.p.m. per umole. 

§ This value for the cholesterol content of the normal rat liver is considerably 
lower than the value of 235 mg. per cent found in previous work (1). Experiments 
designed to test cholesterol recovery with the method used were satisfactory and 
we have no explanation for the low results. It should be emphasized that the rats 
given nephrotoxic serum injections were chosen at random from the group as a whole. 


the total incorporation into plasma cholesterol was greater than normal. 
It is significant that the plasma cholesterol levels in these experiments were 
in the neighborhood of 200 mg. per cent and that the liver cholesterol con- 
tent was normal. In the earlier work (1) with severely nephrotic rats, 
plasma cholesterol values were much higher (averaging 337 mg. per cent) 
and the liver cholesterol was significantly elevated. In the earlier work, 
lipogenesis was depressed, while in the present experiments it was increased. 
This is a real difference in lipide metabolism between the early and the 
terminal stages of nephrosis. 

The results in Fig. 3, B indicate a reasonably close relationship between 
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liver and plasma total fatty acids, although the two curves are not as 
closely similar as those in Fig. 2. The degree of incorporation in nephrotic 
rats was considerably greater than that in the controls. 

In addition to the experiments in intact animals, it was felt desirable to 
study isolated liver tissue from control rats and from rats nephrotic for 
48 hours. Incubation of the liver slices with acetate-1-C™ was carried 
out, with the results shown in Table III. The total isotopic incorporation 
in liver cholesterol (but not the specific activity) was significantly increased 
in two sets of experiments, with rats of the Long-Evans and Wistar strains. 
Cholesterogenesis (by calculation) was considerably higher in the latter 
strain of rats, but with each strain the early (48 hour) nephrotic rats 
showed an increase to more than twice that of the controls. However, 
no difference was noted in the labeling of the total fatty acids. Although 
the individual glycogen values are not recorded in Table III, the average 
glycogen content did not differ significantly (see Table I), and a very good 
linear relationship (9) between glycogen content and fat synthesis was 
obtained in both control and nephrotic rats. 


DISCUSSION 


The salient features of the late stages of nephrosis, as disclosed in our 
previous work, were a diminution of liver glycogen (3) and total body fat, 
with an elevated liver cholesterol content and a diminished synthesis of 
cholesterol and fatty acids (1). Heymann and Hackel (10) have con- 
firmed the diminution in total body fat in severely nephrotic rats, but 
have pointed out that such animals did not consume as much food as con- 
trols and that rats with milder nephrosis had no detectable change in total 
body fat. Failure to find a decrease in total body fat, however, does not 
rule out the possibility that fat may be mobilized from tissue depots, since 
the absolute amount of fat needed to cause a marked rise in plasma levels 
would constitute only a small percentage change in the content of depot 
fat. The present experiments rule out the adipose tissue fat as the source 
of plasma total fatty acids, since its specific activity was less than one- 
tenth that of the plasma. The specific activity-time curves (Figs. 1 to 3) 
clearly permit the deduction that the liver is the source of the plasma 
cholesterol and total fatty acids in the early stages of nephrosis. This 
view is in agreement with that of Heymann and Hackel (6) and Rosen- 
man (7), who found a decrease in the plasma lipides after partial hepa- 
tectomy. The hepatic origin of plasma cholesterol and of plasma lipopro- 
teins, which are probably the main source of the fatty acids released upon 
saponification, is well established for the normal animal (11), and it is 
quite reasonable to find a similar metabolic pattern in the nephrotic rats. 
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Granted that the plasma lipides in nephrosis, at least in the early hyper- 
lipemia, are derived from the liver, the question may be asked whether this 
is accounted for by an increased rate of synthesis by the liver or by a de- 
creased rate of removal from the plasma, or by both factors. The present 
experiments do not settle this question. However, the evidence supports 
an increased rate of hepatic lipogenesis. Cholesterol synthesis by the liver 
was increased both in vivo and in vitro, while an increase in fatty acid syn- 
thesis could be demonstrated in vivo only. Heymann has reported (12) 
some preliminary experiments in which no changes in cholesterogenesis 
were found in nephrotic liver slices, but the number of experiments in this 
preliminary report was small. Further work, particularly with the iso- 
lated perfused liver, seems advisable and is currently being undertaken. 

The question of whether lipoproteins are removed from the plasma of 
nephrotic animals at a normal or decreased rate was not investigated in 
the present series of experiments. Recent work (13) points to the role of 
albumin-bound fatty acids as an important metabolic source of fat. In 
the absence of a sufficient concentration of plasma albumin acting as an 
acceptor for free fatty acids, the lipoprotein lipase described by Korn (14) 
might be unable to break down low density plasma lipoproteins, and the 
concentration would tend to rise in the plasma. Gitlin and Cornwell (15) 
have reported a delayed conversion of high density to low density lipo- 
proteins in human nephrosis. Investigation of these aspects of the prob- 
lem appears desirable in the experimentally nephrotic rat. 

It is now possible to present a more complete picture of the course of 
events in the hyperlipemia of experimental nephrosis. The magnitude of 
urinary protein loss is evidently related to the extent of the elevation of 
plasma lipides (2), and these lipides are derived from the liver. During 
the early stages of the experimental disease, lipogenesis including choles- 
terogenesis by the liver is increased, but as the rat continues to lose albu- 
min and develops a severe protein deficit, liver glycogen falls and liver 
cholesterol rises, with a resultant depression in cholesterol and fatty acid 
synthesis (1). 

In the late stages of experimental severe nephrosis there may be a mo- 
bilization lipidemia, as previously postulated (1), but the present experi- 
ments indicate that lipide mobilization does not play a role in the initial 
development of the hyperlipemia of nephrosis. It is possible that true 
mobilization lipidemia, in the sense of a movement of fat from peripheral 
sites to the liver for processing, may occur only when the liver fails to 
synthesize lipides. Viewed in this light, the liver, which synthesizes both 
plasma albumin and plasma lipoprotein, appears to be the focal point of 
the metabolic response to albuminuria in the nephrotic state. 
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SUMMARY 


Studies of lipide metabolism in experimentally nephrotic rats have been 
made in the early stages of the disease, in the first 48 hours after the in- 
jection of nephrotoxic serum. In contrast to the findings in the late stages 
of severe nephrosis, liver slices from these rats incorporated acetate-1-C" 
into cholesterol at a rate more than twice as great as that in control rats. 
However, no significant change in the rate of incorporation of labeled ace- 
tate into total fatty acids was demonstrated by the in vitro technique. 

No elevation of plasma ketones in the fed or fasting state, and no change 
in their rate of synthesis by liver slices from fed or fasted nephrotic rats 
was found. 

The character of the specific activity-time curves of liver and plasma 
cholesterol and fatty acids in intact animals given acetate-1-C" during the 
development of the hyperlipemia permitted the inference that the liver 
was the most likely source of plasma cholesterol and plasma total fatty 
acids. Adipose tissue fat was excluded as a direct precursor of plasma 
total fatty acids. From the degree of incorporation of labeled acetate 
into liver cholesterol and total fatty acids, an increased rate of lipogenesis 
by the liver was indicated. 

It was concluded that mobilization lipidemia as a feature of experimental 
nephrosis occurs only in the late stages of severe nephrosis, and does not 
explain the initial rise in plasma lipide in the early stages of the disease. 
The experiments reported here provide evidence of an increased lipogenesis 
by the liver in the early stages of nephrosis, but the underlying mechanism 
of this effect remains to be elucidated. 


The authors wish to thank Mrs. Nina D. Taylor for her technical as- 
sistance in these experiments. 
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Kinase: Ribulo-. See Ribulokinase 

Kynurenic acid: Urine, human, deter- 
mination, fluorometric, Satoh and 
Price, 781 


L 


Lactaldehyde: 3-Carbon compounds, re- 
lated, and, separation and deter- 
mination, Sandman and Miller, 

353 

Metabolism, Huang and Miller, 805 

—, aleohol and aldehyde, dehydro- 
genase, use, Sandman and Miller, 


791 
—, by yeast cells, bakers’, Sandman 
and Miller, 361 


Linoleate: Carotene, oxidation, coupled, 
by lipoxidase, catalyzed, Tookey, 
Wilson, Lohmar, and Dutton, 65 

Lipase: Urinary, determination, colori- 
metric, Nachlas and Blackburn, 

1051 

Lipide: Metabolism, disease, early 
stages, Marsh and Drabkin, 1083 

Lipoxidase: Linoleate, oxidation, Tvokey, 
Wilson, Lohmar, and Dutton, 65 

Liver: Diphosphopyridine nucleotide, 
C™-glucose and C"-ribose, incor- 
poration, Shuster and Goldin, 873 

Homogenates, cholesterol, esterifica- 
tion, use, Mukherjee, Kunitake, and 
Alfin-Slater , 91 

Hypertrophy, diet, adrenalectomy, in- 
fluence, Marsh and Drabkin, 1063 

Metabolism, carbohydrate, Spiro, 


773 

—,—, Spiro, Ashmore, and Hastings, 
761 
—,-—, Spiro and Hastings, 751 
Mitochondria, cytochrome ¢,, Esta- 
brook, 735 


Non-diabetic and diabetic rats, ketone 
body production, succinate, fuma- 
rate, oxalacetate, effect, Beatty, West, 
and Bocek, 725 

Rats, normal and nephrotic, albumin, 
plasma, synthesis, Marsh and Drab- 
kin, 1073 

Liver particles: Mouse, pyrophosphatase 
activity, association, Rafter, 643 
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Lymph: Cholesterol, regulation and syn- 
thesis, role, Swell, Trout, Field, and 
Treadwell, 631 

Lysine: Decarboxylation, estimation, 
enzymes and _ radiocarbons, use, 
Koppelman, Mandeles, and Hanke, 

73 

Lysine-C";: Plasma proteins, dog, doubly 

labeled, turnover mechanism, effect, 


Goldsworthy and Volwiler, 817 
M 
Man: Metabolism, one-carbon, Goodwin 
and Kinney, 487 
See also Animal 
Mesaconate: Glutamate, formation, 
Clostridium tetanomorphum, Munch- 
Petersen and Barker, 649 


Metabolism: Animals, higher, glucose-6- 
phosphatase adaptations, Freedland 


and Harper, 833 
L-Ascorbie acid-1-C“, man, Hellman 
and Burns, 923 


Carbohydrate, guinea pigs, scorbutic, 
Banerjee, Biswas, and Singh, 261 


—, liver, rat, Spiro, 773 
—, —, —, Spiro, Ashmore, and Hast- 
ings, 761 


—,—,—, Spiro and Hastings, 751 


—, — slices, studies, Cahill, Hastings, 


Ashmore, and Zottu, 125 
1-Dehydrosteroids, Caspi and Pechet, 
843 
Glucosamine, Distler, Merrick, and 
Roseman, 497 
Glutariec acid-3-C™, Hobbs and Koeppe, 
655 
Glycoprotein, acid, plasma, Bostrém, 
Rodén, and Yamashina, 381 
Hydroxyproline, in rat, Wolf and 
Berger, 231 


In vitro, nucleosides, purine, Lowy, 
Jaffé, Vanderhoff, Crook, and London, 
409 
7-Ketolithocholic acid-24-C™“%, Maho- 
wald, Yin, Matschiner, Hsia, Doisy, 
Elliott, and Doisy, 581 
Lactaldehyde, Huang and Miller, 
805 


—, Sandman and Miller, 353, 361 
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Metabolism—continued: 
Lactaldehyde, alcohol and aldehyde 
dehydrogenase, use, Sandman and 


Miller, 791 
Lipide, disease, early stages, Marsh 
and Drabkin, 1083 
One-carbon, in man, Goodwin and 
Kinney, 487 


p-Rhamnulose-l-phosphate and 6-de- 
oxy-L-sorbose-l-phosphate, Huang 
and Miller, 805 
Serine, polyglutamyl pteridine, co- 
enzymes, role, Wright, Anderson, and 


Herman, 271 
Tryptophan-7a-C™, by rat, Gholson, 
Rao, and Henderson, 179 


Tyrosine, aleaptonuria, defect, na- 
ture, La Du, Zannoni, Laster, and 


Seegmiller, 251 
Valine, Stevens and De Long, 991 
Vitamin A, function, Wolf, Wagle, Van 

Dyke, and Johnson, 979 


Metabolite(s): Hyodeoxycholic acid-24- 
C™, in rats, surgically jaundiced, 
Matschiner, Ratliff, Mahowald, Doisy, 


Elliott, Hsia, and Doisy, 589 
Urinary, hydroxyproline, incorpora- 
tion, Wolf and Berger, 231 
Metal ion(s): Phosphatase, acid, dia- 
lyzed juice, effect, Roberts, 213 
Methionine: S-Adenosyl-. See Adeno- 
sylmethionine 


Methyl group, formaldehyde-C™ and 
serine-3-C'*, isotope incorporation, 
Nakao and Greenberg, 

S-Ribosyl-. See Ribosylmethionine 

Methylene blue: Oxidative pathway, glu- 
cose, stimulation, Brin and Yone- 
moto, 307 

Micrococcus lactilyticus: knzyme, char- 
acterization, Warringa and Giuditta, 

111 

Milk: Rat, lactating, tripalmitin-1-C™ 
and octanoate-1-C™, intravenously 
administered, Lossow and Chaikoff, 

149 

Mitochondrion: Extracts, sonic, phos- 
phorylation, oxidation, use, McMur- 
ray, Maley, and Lardy, 219 

Liver, cytochrome c,, Estabrook, 

735 


N 

Nephrosis: [xperimental, channeling, 

metabolic, Varsh and Drabkin, 
1063, 1073, 1083 
Nitrogen: Retention, and imbalance, 
amino acid, Deshpande, Harper, and 
Elvehjem, 335 
Nortestosterone acetate-4-C'': 19-, and 
178-estradiol-4-C™, synthesis, Ku- 
shinsky, 31 
Nucleic acid(s): Cell cultures, mam- 
malian, glutamine, glutamic acid, 
ammonia, biosynthesis, utilization, 
Salzman, Eagle, and Sebring, 100! 
Cupriec ion, interactions, Frieden and 
Alles, 797 

Ribo-. See Ribonucleic acid 

Total, absorption methods,  ultra- 
violet, determination, Webb, 1023 
Vitamin B,,, and, biosynthesis, Wagle, 

Vaughan, Mistry, and Johnson, 
Nucleoside(s): Purine, metabolism, in 
vitro, Lowy, Jaffe, Vanderhoff, Crook, 
and London, 409 
Nucleotide: Diphosphopyridine. See 

Diphosphopyridine nucleotide 


Octanoate-1-C'*: Secretion, intrave- 
nously administered, in milk, lactat- 
ing rat, Lossow and Chaikof, 

149 

Oxalacetate: Ketone body production, 
livers, non-diabetic and diabetic 
rats, effect, Beatty, West, and Bocek, 

725 

Oxidation: Carotene and linoleate, by 
lipoxidase, catalyzed, Tookey, Wil- 
son, Lohmar, and Dutton, 65 


P 


Palmitic acid: Cholesterol, esterification, 
liver homogenates, use, Mukherjee, 
Kunitake, and Alfin-Slater, 91 

Papain: Action, kinetics, Smith, Chavré, 
and Parker, 283 

Crystalline, behavior, chromato- 
graphic, Finkle and Smith, 669 

Penicillin: Biosynthesis, Stevens and De 

Long, 1 


| 
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Penicillin—continued: 
Escherichia coli, synthesis, Trucco and 
Pardee, 435 
Pentose: Glucose, conversion, diphos- 
phopyridine nucleotide, biosyn- 
thesis, Shuster and Goldin, 883 


Peptidase: Procarboxy-. See Procar- 
boxy peptidase 

Peptide: Keto acid, and, phenylalanine, 
replacement, use, /fland, Ball, Dunn, 
and Shive, 897 

Phospho-. See Phosphopeptide 

Phenylalanine: Peptide, keto acid, and, 

replacement, use, /fland, Ball, Dunn, 


and Shive, 897 
Tyrosine, conversion, enzymatic, 
Kaufman, 931 
Phosphatase(s): Acid, dialyzed juice, 
metal ions, effect, Roberts, 213 
Glucose-6-. See Glucose-6-phospha- 
tase 


Pyro-. See Pyrophosphatase 
Phosphatase activity: Pyro-. See Pyro- 
phosphatase activity 
Phosphate: Carbamyl. See Carbamyl 
phosphate 
6-Deoxy-L-sorbose-1-. See Deoxy-t- 
sorbose-1-phosphate 
p-Rhamnulose-1-. See Rhamnulose-1- 
phosphate 
Ribose 5-. See Ribose 5-phosphate 
Phosphate-water exchange reaction: 
Pyrophosphatase, inorganic, yeast, 
catalyzed, Cohn, 369 


Phosphatide(s): Separation, electro- 
phoretic, paper, Zipper and Glantz, 
621 


Phosphopeptide(s): Trypsin, methy!l- 
phosphonofluoridate - inactivated, 
Schaffer, Lang, Simet, and Drisko, 

185 

Phosphoric acid: Galactosamine-6-. See 

Galactosamine-6-phosphorie acid 
Glucosamine-6-. See Glucosamine-6- 
phosphoric acid 

Phosphorylation: Oxidative, in frag- 
ments, mitochondrial, from vibra- 
tion, sonic, Kielley and Bronk, 521 

—, mitochondria, sonic extracts, Mc- 
Murray, Maley, and Lardy, 219 
Pyro-. See Pyrophosphorylation 


Phosphorylribose 1-pyrophosphate: 5-, 
ribose 5-phosphate, synthesis, en- 
zymatic, Khorana, Fernandes, and 
Kornberg, 941 

Photoheterotrophs: Facultative, on pro- 
tein, heme, Bartsch and Kamen, 

41 

Plasma: Acid glycoprotein, metabolism, 
Bostrém, Rodén, and Yamashina, 

381 
Proteins, dog, doubly labeled, cystine- 
S*5, and lysine-C™, turnover mecha- 
nism, effect, Goldsworthy and Vol- 
wiler, 817 
Urie acids and xanthines, determina- 
tion, quantitative, Bergmann, Dik- 
stein, and Chaimovitz, 193 
See also Erythrocyte; Lymph 

Polymerization: Fibrin, Lorand and 
Jacobsen, 421 

Prednisolone: Administration, urinary 
products, isolation, Caspi and Pe- 
chet, 843 

Procarboxypeptidase: Isolation, chroma- 
tographic, Keller, Cohen, and Neu- 
rath, 905 

Proline: Hydroxy-. See Hydroxyproline 

Protein(s): Acidic, ion exchange resins, 


separation, chromatographic, 
Schmid, MacNair and Birgi, 
853 
Chondromuco-. See Chondromuco- 
protein 
Egg white, analysis, Rhodes, Azari, 
and Feeney, 399 


Glyco-. See Glycoprotein 
Heme, photoheterotrophs, faculta- 


tive, Bartsch and Kamen, 41 
Hydroxyproline, incorporation, Wolf 
and Berger, 231 


Plasma, dog, doubly labeled, cystine- 
lysine-C™, turnover mechanism, 
Goldsworthy and Volwiler, 817 

Precursors, in vivo, Walter and Mahler, 

241 

Vitamin Bs, in vivo and in vitro, Wagle, 

Mehta, and Johnson, 137 
Protein hydrolysate(s): Glycine, precipi- 
tation, zine and cobalt picrates, as 
reagents, Selim, Ramadan, and El- 
Sadr, 157 
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Protocatechuic acid: Formed, by kidney 
in vitro, from quercetin, Douglass 
and Hogan, 625 

Purine: Methylated, ribonucleic acid, 
yeast, occurrence, Adler, Weissmann, 


and Gutman, 717 

Nucleosides, metabolism, in _ vitro, 

Lowy, Jaffé, Vanderhoff, Crook, = 
London, 


Pyrophosphatase: Yeast, catalysis, 
phate-water exchange reaction, 
Cohn, 369 

Pyrophosphatase activity: Liver par- 
ticles, mouse, association, Rafter, 


Q 


Quercetin: Protocatechuic acid, formed, 
kidney tn vitro, as source, Douglass 
and Hogan, 625 


Radiocarbon(s): Equilibrium constants, 
estimation, use, Koppelman, Man- 
deles, and Hanke, 

Rhamnulose-l-phosphate: v-, metabo- 
lism, Huang and Miller, 805 

Ribonucleic acid: Yeast, purine bases, 
occurrence, Adler, Weissmann, and 
Gutman, 717 

Ribose: C'*-, diphosphopyridine nucleo- 
tide, liver, incorporation, Shuster 
and Goldin, 873 

Ribose 5-phosphate: Pyrophosphoryla- 
tion, 5-phosphorylribose 1-pyrophos- 
phate, synthesis, enzymatic, Kho- 
rana, Fernandes,and Kornberg, 

Ribosylmethionine: S-, isolation, Parks 
and Schlenk, 295 

Ribulokinase: L-, purification and prop- 
erties, Simpson and Wood, 473 

Ss 
Serine: Homo-. See Homoserine 
Serine-3-C'*: Isotope incorporation, 


methionine, methyl group, Nakao 
and Greenberg, 603 


Serotonin: Tissue, measurement, simpli- 
fied, Weissbach, Waalkes, and Uden- 
friend, 


INDEX 


Shikimic acid: Microchemical method, 
detection and determination, Gai- 
tonde and Gordon, 1043 

Steroid: Dehydro-. See Dehydrosteroid 

Streptococcus faecalis: O-Acetyl groups, 
Abrams, 949 

Succinate: Ketone body production, 
livers, non-diabetic and diabetic 
rats, effect, Beatty, West, and Bocek, 

725 

Succinic dehydrogenase: Fumaric re- 
ductase, isolation, anaerobe, obli- 
gate, Warringa, Smith, Giuditta, and 
Singer, 97 

Study, Warringa and Giuditta, lll 
—, Warringa, Smith, Giuditia, and 
Singer, 97 

Sulfhydryl group(s): Hemoglobin C and 

fetal hemoglobin, at 0° and 38°, ti- 


tratable, Murayama, 163 
T 
Teropterin: Dihydro-. See Dihydro- 
teropterin 


Thiamine deficiency: Erythrocytes, rat, 
oxidative pathway, glucose, effect, 
Brin, Shohet, and Davidson, 319 

Oxidative pathway, glucose, erythro- 
cytes, effect, Brin, Shohet, and David- 
son, 319 

Thiol group(s): Number and reactivity, 
Finkle and Smith, 669 

Transamidation: Cathepsin-catal yzed, 
reactions, Fujii and Fruton, l 

Trehalase: Purification and properties, 
Kalf and Rieder, 691 

Tripalmitin-1-C'*: Secretion, intrave- 
nously administered, in milk, lactat- 
ing rat, Lossow and Chaikof,, 149 

Trypsin: Methylphosphonofluoridate -in- 
activated, phosphopeptides, Schaf- 
fer, Lang, Simet, and Drisko, 

185 

Tryptophan-7a-C"*: Metabolism, by rat, 
Gholson, Rao, and Henderson, 179 

Tyrosine: Metabolism, alcaptonuria, de- 
fect, nature, La Du, Zannoni, Laster, 


and Seegmiller , 251 
Phenylalanine, conversion, enzymatic, 
Kaufman, 931 
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U 


Uric acid(s): Determination, quantita- 
tive, in plasma, Bergmann, Dikstein, 


and Chaimovitz, 193 
—, —, — urine, Dikstein, Bergmann, 
and Chaimovitz 203 


Urinary product(s): Prednisolone, ad- 
ministration, isolation, Caspi and 
Pechet, 843 

Urine: Human, kynurenic and xanthu- 
renic acids, determination, fluoromet- 


ric, Satoh and Price, 781 
Pentosuric, L-arabitol, isolation, Tous- 
ter and Harwell, 1031 


Xanthines and uric acids, determina- 
tion, quantitative, Dikstein, Berg- 
mann, and Chaimovitz, 203 


Vv 


Valine: Metabolism, Stevens and De Long, 

991 

Vi antigen: Aminohexuronic acid, as 

component, principal, Clark, Mce- 

Laughlin, and Webster, 81 

Vibration: Sonic, in fragments, mito- 
chondrial, Kielley and Bronk, 

521 

Vitamin A: Metabolism, function, Wolf, 
Wagle, Van Dyke, and Johnson, 

979 


Vitamin B,: Deficiency, rats, imbalance, 
electrolyte, Hsu, Davis, and Chow, 

889 
Vitamin B,,: Nucleic acid, and, biosyn- 
thesis, Wagle, Vaughan, Mistry, and 


Johnson, 917 

Protein, in vivo and in vitro, Wagle, 

Mehta, and Johnson, 137 
x 


Xanthine(s): Determination, quantita- 
tive, in plasma, Bergmann, Dikstein, 


and Chaimoviiz, 193 
—, —, — urine, Dikstein, Bergmann, 
and Chaimovitz, 203 


Xanthurenic acid: Urine, human, deter- 
mination, fluorometric, Satoh and 
Price, 781 


Y 

Yeast: Cells, bakers’, in metabolism, 
lactaldehyde, Sandman and Miller, 

361 
Ribonucleic acid, purine bases, occur- 
rence, Adler, Weissmann, and Gut- 
man, 717 

Zz 
Zinc: Precipitation, glycine, from pro- 


tein hydrolysates, as reagent, Selim, 
Ramadan, and El-Sadr, 157 


